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THE EFFECTS OF NUCLEOSIDES ON NUCLEIC ACID SYNTHESIS IN 
NORMAL AND CHRONIC LYWHOCYTIC LEUKEMIC LYMPHOCYTES
CHAPTER I 
INTRODUCTION
Chronic  Lymphocytic Leukemia 
Leukemia was f i r s t  r e c o g n iz e d  over  a c e n tu r y  a go , when 
B e n n e t t  (1) and Virchow (2) r e p o r t e d  two i n d i v i d u a l  ca ses  in d e p e n d e n t ly .  
The co m p lex ity  of t h i s  d i s e a s e  became i n c r e a s i n g l y  e v id e n t  o v e r  th e  
y e a r s  t h a t  f o l lo w e d ,  as more c a se s  of leukem ia  w ere  i d e n t i f i e d .
R esea rch  r e v e a le d  t h a t  s e v e r a l  ty p es  of w h i te  c e l l s  p layed  a r o l e  i n  
the  d i s e a s e  p r o c e s s ,  each  h a v in g  a d i f f e r e n t  s i t e  o f  fo rm a t io n .
Leukemia may be d e f in e d  b r i e f l y  as "a g e n e r a l i z e d ,  abnorm al, 
n e o p l a s t i c ,  s e l f - p e r p e t u a t i n g  p r o l i f e r a t i o n  (slow  o r  r a p id )  o f  one o f  
th e  l e u k o c y t i c  t i s s u e s ,  o f t e n  a s s o c i a t e d  w i th  abnorm al w h i te  b lo o d  c e l l  
co u n ts  and e v e n tu a l l y  l e a d i n g  t o  anem ia, th ro m b o c y to p e n ia ,  and d e a th "  
( 3 ) .
C l i n i c a l l y ,  leu k em ia  i s  c l a s s i f i e d  a c c o rd in g  to  (a)  th e  w h i te  
b lo o d  c e l l  ty p e ,  (b) th e  p a t t e r n  of l e u k o c y t i c  p r o l i f e r a t i o n ,  and (c)  
th e  l e u k o c y te  c o u n ts  and d i f f e r e n t i a l  c o u n ts .  L eukocy tes  i n c l u d e  
ly m phocy te s ,  g r a n u l o c y te s ,  m onocy tes , and p lasm a  c e l l s .  Thus a t  l e a s t  
fo u r  b a s i c  ty p e s  of leukem ia  e x i s t :  ly m p h o c y t ic ,  g r a n u l o c y t i c ,  mono­
1
c y t i c  and p la s m o c y t ic .  Leukemia may p r o g re s s  s lo w ly ,  as  i n  th e  c h ro n ic  
form, o r  r a p i d l y ,  as i n  th e  a c u te  form.
While leukem ia  h a s  a  w or ld -w ide  in c id e n c e ,  i t s  ep idem io logy  
seems t o  v a ry  c o n s id e r a b ly  i n  d i f f e r e n t  g e o g ra p h ic  a r e a s  (4) as  w e l l  as 
among d i f f e r e n t  r a c e s  ( 4 - 8 ) .  For exam ple, c h ro n ic  lym phocy tic  leukem ia  
(CLL) i s  v i r t u a l l y  a b s e n t  among n o n -C a u c a s ia n s ,  i . e . ,  th e  J a p a n e s e  ( 6 ) ,  
C h inese  ( 7 ) ,  and New Z ea land  M aoris  ( 8 ) .  T h is  a p p a re n t  r a c i a l  
r e s i s t a n c e  may be c o n g e n i t a l l y  c o n f e r r e d ,  or i t  may r e l a t e  t o  t h e  l a c k  
of e n v i ro n m e n ta l  f a c t o r s  c a p a b le  o f  in d u c in g  th e  leukem ic p r o c e s s ,  or 
b o th  i n f l u e n c e s  may a c t  i n  c o n c e r t .  G e n e t ic  invo lvem en t  as a p o s s i b l e  
e t i o l o g i c  f a c t o r  has  been  e x p lo re d  and rev iew ed  e x t e n s i v e l y  ( 3 , 9 , 1 0 ) .  
The low in c id e n c e  o f  CLL i n  some O r i e n t a l  g roups and th e  tendency  o f  
CLL to  occu r  r e p e a te d l y  i n  th e  same fa m i ly  (11-13) s u g g e s t  t h a t  a 
g e n e t i c  f a c t o r  may, i n d e e d ,  be im p o r ta n t .
V iru se s  have  been  im p l ic a te d  as th e  s p e c i f i c  e t i o l o g i c  a g e n ts  
i n  c e r t a i n  an im al leu k em ias  (1 4 -1 7 ) .  The r e c e n t  d i s c o v e r y  o f  an  RNA- 
d e p e n d en t  DNA po lym erase  s t r o n g l y  s u p p o r t s  th e  h y p o th e s i s  t h a t  leu k em ia  
i s  v i r a l l y  t r a n s m i t t e d  ( 1 8 ,1 9 ) .  T h is  RNA-dependent DNA p o ly m e rase  can 
use  RNA as a te m p la te  t o  t r a n s c r i b e  a complementary copy o f  DNA, which 
i s  t h e n  c o n v e r te d  t o  d o u b le - s t r a n d e d  DNA, c le a v e d ,  and i n t e g r a t e d  i n t o  
th e  h o s t  DNA d u r in g  r e p l i c a t i o n  o f  th e  h o s t  genome. Spiegelm an e t  a l .  
(20) w e re  a b le  to  d e m o n s t ra te  a homology be tw een  th e  RNA from 
le u k o c y te s  o f  leukem ic  p a t i e n t s  and th e  RNA from th e  m urine  R a u sc h e r  
leu k e m ia  v i r u s ,  b u t  n o t  th e  RNA o f  an u n r e l a t e d  mouse mammary tumor 
v i r u s .  Using th e  m o le c u la r  h y b r i d i z a t i o n  t e c h n iq u e ,  w i th  r a d i o l a b e l e d  
DNA com plem entary  to  t h e  RNA o f  t h e  m urine  leu k em ia  v i r u s ,  th ey
d e m o n s tra ted  t h i s  homology in  89% of th e  le u k o c y te s  from p a t i e n t s  w i th  
CLL, a c u te  lym phocy tic  le u k e m ia ,  a c u te  m y e lo c y tic  le u k e m ia ,  and mono­
c y t i c  leu k em ia .  O ther r e c e n t  work s u g g e s t s ,  how ever, t h a t  th e  RNA- 
dependen t DNA polym erase  i s  a s s o c i a t e d ,  n o t  o n ly  w i th  oncogen ic  
v i r u s e s  ( 2 1 ) ,  b u t  w i th  n o n -o n co g e n ic  v i r u s e s  (22) and a w ide range  of 
h o s t  c e l l s ,  i n c l u d in g  lym phocytes from norm al donors  (2 3 ) .
T here  i s  no d e f i n i t e  i n d i c a t i o n  t h a t  CLL can be induced  by a 
s i n g l e  e t i o l o g i c  a g e n t ,  how ever. Endogenous f a c t o r s ,  such  as g e n e t i c  
makeup, horm onal i n f l u e n c e s ,  and a g in g ,  a re  known to  be im p o r ta n t  
(2 4 ,2 5 ) .  Exogenous f a c t o r s ,  such  as v i r u s e s  ( 2 6 ) ,  ch e m ica l  exposure  
(2 7 ) ,  and i r r a d i a t i o n  (2 8 ) ,  may a l s o  p la y  m ajor  r o l e s  i n  p ro d u c in g  CLL.
N o n -s t im u la te d  Normal and 
CLL Lymphocytes 
Numerous s t u d i e s ,  devo ted  to  comparing lym phocytes  from 
h e a l th y  s u b j e c t s  w i th  th o s e  from  leukem ic  p a t i e n t s ,  have  e s t a b l i s h e d  
t h a t  the  s m a l l  c i r c u l a t i n g  p e r i p h e r a l  ly m p h o c y te s , w i t h o u t  exogenously  
s u p p l i e d  m ito g e n s ,  do n o t  n o rm a l ly  undergo  c e l l  d i v i s i o n  i n  c u l t u r e .  
These i n v e s t i g a t i o n s  have c e n t e r e d  on th e  m etabo lism  o f  c a rb o h y d ra te s  
fo r  energy  p r o d u c t i o n ,  the  g l y c o l y t i c  pathway o f  g lu c o s e  d e g r a d a t io n ,  
and th e  b i o s y n t h e s i s  of p o l y s a c c h a r i d e s .  The b io c h e m ic a l  a s p e c t s  of 
th e  r e s t i n g  norm al and leukem ic  lym phocytes have been  rev iew ed 
e x t e n s i v e l y  by E lv es  (29) and Beck (3 0 ) .
Cooper and F i t z g e r a l d  (3 1 ) ,  s tu d y in g  a pu re  lymphocyte 
p o p u l a t i o n ,  found t h a t  g l y c o l y t i c  o x i d a t io n  p re d o m in a te d  more under  
a n a e r o b ic  c o n d i t io n s  th an  u n d e r  a e r o b i c  c o n d i t i o n s .  F r e i  and h i s  
coworkers (32) f u r t h e r  conc luded  t h a t  th e  m e ta b o l i c  s t a t u s  of
lym phocytes resem b les  t h a t  o f  m ost o t h e r  norm al t i s s u e s  i n  t h a t  th e y  can 
u se  th e  o x i d a t iv e  pa thw ay , and a r e  a l s o  c a p a b le  of s m a l l  amounts o f  
g l y c o l y s i s  under  a e r o b i c  o r  a n e ro b ic  c o n d i t i o n s .
The in d e p e n d e n t  i n v e s t i g a t i o n s  o f  g l y c o l y s i s  by S t j e m h o lm  (33) 
and Beck (34) r e v e a le d  t h a t  leukem ic  lym phocytes p roduce  l a c t i c  a c id  a t  
a  s u b s t a n t i a l  lower r a t e  th a n  norm al c e l l s .  T h is  o b s e r v a t io n  s u p p o r t s  
t h e  p r e v io u s  f in d i n g s  t h a t  CLL lym phocytes p o s s e s s  l i t t l e  o r  no g l y c o l y s i s  
under  a e r o b i c  c o n d i t io n s  and low to  h ig h  g l y c o l y s i s  under  a n a e r o b ic  
c o n d i t io n s  (3 5 -3 7 ) .
Excess g lycogen  has  been  r e p o r t e d  in  CLL lym phocytes (3 8 ) .
S tu d ie s  o f  enzymes, such  as UDPG g l u c o s y l t r a n s f e r a s e  (3 9 ) ,  a-D - 
g lu c o s id a s e  (4 0 ) ,  and p h o s p h o ry la s e  ( 4 1 ) ,  which a r e  in v o lv e d  e i t h e r  in  
th e  s y n t h e s i s  o r  c a ta b o l i s m  o f  g ly co g en ,  f a i l e d  t o  d e m o n s t ra te  t h a t  
leukem ic  lymphocyte g ly co g en  s to r a g e  i s  r e l a t e d  t o  a b n o r m a l i t i e s  o f  
t h e s e  enzymes.
Brody e_t (42) to o k  a d i f f e r e n t  app roach  by s tu d y in g  th e  
hexose  m onophosphate s h u n t  pa thw ay, which may l e a d  to  an a c c u m u la t io n  
o f  g l y c o l y t i c  i n t e r m e d i a t e s ;  t h e s e  th e n  e n t e r  th e  g lycogen  s y n t h e s i s  
c y c l e .  The s tu d y  o f  t h i s  pathway f o r  g lycogen  s y n th e s i s  i n  human 
lym phocytes h as  p ro d u ce d  c o n t r o v e r s i a l  r e s u l t s .  Brody e t  (42) 
d e m o n s t ra te d  t h a t  CLL lym phocytes  p roduce  s i g n i f i c a n t l y  l e s s  r a d i o a c t i v e  
ca rbon  d io x id e  from g l u c o s e - l - ^ ^ C  th a n  no rm al lym phocy tes , s u g g e s t i n g  
t h a t  th e  hexose  monophosphate sh u n t  i s  red u ced  i n  CLL lym phocy tes .  
However, t h i s  f i n d i n g  was i n c o n s i s t e n t  w i th  B e c k 's  r e p o r t  (43) t h a t  a 
h i g h e r  p e rc e n ta g e  o f  u t i l i z e d  r a d i o a c t i v e  g lu c o s e  t r a v e r s e s  th e  hex o se  
monophosphate s h u n t  i n  leukem ic  c e l l s  th a n  i n  norm al c e l l s .
P H A -stim ula ted  Normal and 
CLL Lymphocytes
One o f  the  most p rom is ing  advances  i n  lymphocyte r e s e a r c h  was 
th e  d i s c o v e r y  o f  H ungerfo rd  £ t  £ l .  (44) i n  1959, t h a t  p h y to h e m a g g lu t in in  
(PHA) co u ld  induce  th e  t r a n s f o r m a t io n  o f  s m a l l  lym phocytes ^n c e l l  
c u l t u r e .  When PHA, a g l y c o p r o t e i n  e x t r a c t  from th e  red  kidyL bean 
P h a s e o lu s  v u l g a r i s , was added to  the  le u k o c y te  c u l t u r e ,  some o f  th e  
c u l t u r e d  c e l l s  underw ent marked m orpho log ic  changes. H u n g e r fo rd ’ s 
o b s e r v a t io n  was fo l lo w e d  up by Nowell ( 4 5 ) ,  who f i r s t  d e s c r ib e d  th e  
m i to g e n ic  f a c t o r  c l e a r l y  i n  1960.
In  d i v id i n g  c e l l  p o p u l a t i o n s , th e  sequence  o f  m e ta b o l i c  e v e n ts  
from one m i t o s i s  to  th e  m id p o in t  o f  a s u c c e e d in g  m i t o s i s  may be 
e x p re s s e d  i n  th e  " c e l l  c y c le "  c o n c e p t .  A c e l l  c y c le  com prises  fo u r  
main s t a g e s :  G l,  S , G2, and M. The r e s t i n g  or n o n - s t im u la t e d  c e l l
r e s i d e s  i n  the  Gl p h a s e ,  th e  i n t e r v a l  be tw een  m i t o s i s  and th e  o n s e t  of 
DNA s y n t h e s i s .  When a  m itogen  such  as PHA i s  added , s e q u e n t i a l  changes 
occu r  as  c e l l s  go th ro u g h  th e  S phase ( th e  DNA s y n th e s i s  p e r i o d ) , th e  
G2 phase  ( th e  i n t e r v a l  betw een com plete  DNA r e p l i c a t i o n  and m i t o s i s ) , 
and f i n a l l y  th e  m i t o t i c  phase  M, i n  which th e  c e l l s  d i v id e .
The f o l lo w in g  a c c o u n t  o f  th e  lym phocyte  " c e l l  c y c le "  h a s  been 
rev iew ed  by A b e l l  (4 6 ) .  The c e l l  membranes o f  lym phocytes change 
w i t h i n  m inu tes  a f t e r  PHA i s  added. Sm ith  e^t (47) o b se rv e d  a  
s i g n i f i c a n t  e l e v a t i o n  o f  ad en y l  c y c l a s e ,  a  membrane-bound enzyme, as 
w e l l  as a 25-300% i n c r e a s e  i n  c y c l i c  AMP l e v e l s  i n  homogenates o f  
human p e r i p h e r a l  b lo o d  lym phocytes w i t h in  1-2 m inu tes  a f t e r  PHA 
s t i m u l a t i o n .  A f t e r  6 h o u r s ,  how ever, th e  c y c l i c  AMP l e v e l  i n  t h e s e
c e l l s  u s u a l l y  f e l l  to  th e  l e v e l  of th e  n o n - s t im u la te d  c o n t r o l  c e l l s .  
A f te r  24 h o u r s ,  th e  l e v e l  dropped  below  t h a t  o f  t h e  c o n t r o l s .  In  
c o n t r a s t ,  Novogrodsky and K u tc h a ls k i  (48) r e p o r t e d  t h a t  PHA had no  
d e t e c t a b l e  e f f e c t  on e i t h e r  a d e n y l  c y c la s e  a c t i v i t y  o r  c y c l i c  AMP l e v e l  
i n  r a t  lymph node lym phocy tes . F u r th e r  s tu d y  on th e  e f f e c t s  o f  e x t r a ­
c e l l u l a r  c y c l i c - n u c l e o t i d e s  f a i l e d  to  s u p p o r t  th e  h y p o th e s i s  t h a t  c y c l i c  
AMP a lo n e  can i n i t i a t e  th e  complex s e r i e s  of m e ta b o l i c  a l t e r a t i o n s  
which c u lm in a te  in  lymphocyte t r a n s f o r m a t io n  (4 9 ) .  On th e  o th e r  h a n d ,  
Cross and Ord (50) found t h a t , i n  th e  lym phocytes o f  p ig  p e r i p h e r a l  
b lo o d ,  d i b u t y r y l  c y c l i c  AMP e l i c i t e d  an im m ediate  b u r s t  of RNA 
s y n t h e s i s ,  fo llow ed  by DNA s y n t h e s i s  and e v e n tu a l  t r a n s f o r m a t io n .  T h is  
was i n d i s t i n g u i s h a b l e  in  t im in g  and m agnitude from t h a t  produced  by PHA. 
T h e r e f o r e ,  th e  h y p o th e s i s  t h a t  c y c l i c  AMP may be an im p o r ta n t  i n t r a ­
c e l l u l a r  m essenger in  P H A -stim ula ted  lym phocytes i s  p l a u s i b l e .  The 
r e g u l a t o r y  r o l e  of c y c l i c  AMP on lymphocyte m etab o lism  w i l l  be 
d i s c u s s e d  i n  g r e a t e r  d e t a i l  l a t e r  i n  t h i s  c h a p te r .
A lso ,  w i t h in  m in u te s  a f t e r  PHA a d d i t i o n ,  F i s c h e r  and M u e l le r  
(51) obse rved  (a) a c c e l e r a t e d  i n c o r p o r a t io n  o f  ^^PO^^ i n t o  p h o s p h a t id y l  
i n o s i t o l ,  fo l lo w e d  by (b) r a p i d  i n t e r c o n v e r s i o n  o f  a  com partm enta l  
p h o s p h a t id y l  i n o s i t o l  and p h o s p h a t i d i c  a c i d ,  and (c )  i n c r e a s e d  
s e c r e t i o n  o f  gamma-immunoglobulin from th e  c e l l s .  The a u th o rs  
p o s t u l a t e d  t h a t  PHA-induced a c t i v a t i o n  o f  p h o s p h a t id y l  i n o s i t o l  
m e tabo lism  le a d s  to  th e  rem ova l  o f  gamma-immunoglobulin from th e  c e l l  
v i a  a p r o t e i n  t r a n s p o r t  mechanism. T h is  would th e n  a llow  the  
e x p r e s s io n  o f  c e l l u l a r  g e n e t i c  in f o r m a t io n .  R e c e n t ly ,  th e  
d i s t r i b u t i o n  o f  th e  s t i m u la t e d  p h o s p h o l ip id  s y n t h e s i s  was a ls o
s tu d i e d  (5 2 ) .  Vlhen lym phocytes were exposed to  PHA f o r  as l i t t l e  as  3 
32 -3m in u te s ,  i n c o r p o r a t i o n  i n t o  p h o s p h a t i d i c  a c id  was s t i m u la t e d
more s i g n i f i c a n t l y  th a n  in c o r p o r a t io n  i n t o  p h o s p h a t id y l  i n o s i t o l .
3 32 —3F u r th e rm o re ,  the f a c t  t h a t  PHA a c c e l e r a t e d  m y o in o s i to l - 2 -  H and PO^ 
i n c o r p o r a t i o n  i n t o  p h o s p h a t id y l  I n o s i t o l  t o  a  much g r e a t e r  e x t e n t  th an  
g ly c e ro l -2 -^ H  o r  o l e l c - i - ^ ^ C  in c o r p o r a t io n  i s  c o n s i s t e n t  w i th  th e  
mechanism of i n t e r c o n v e r s i o n  between p h o s p h a t id y l  i n o s i t o l  and 
p h o s p h a t id ic  a c id ,  i n  which th e  d i g ly c e r i d e  p o r t i o n  i s  co n se rv ed .  
Evidence was a l s o  p r e s e n t e d  to  s u p p o r t  PHA s t i m u l a t i o n  o f  p h o s p h a t i d i c  
a c id  s y n t h e s i s  by d i g l y c e r i d e  k in a s e .
Pogo e_t a l .  (53) obse rved  a marked u p ta k e  of r a d i o a c t i v e  
a c e t a t e  i n t o  n u c l e a r  h i s  tone  15 m inu tes  a f t e r  PHA a d d i t i o n .  The 
a c é t y l a t i o n  was more pronounced  i n  th e  a r g i n i n e - r i c h  f r a c t i o n  th a n  i n  
the  l y s i n e - r i c h  h i s t o n e  f r a c t i o n .  P u lse  l a b e l i n g  ex p e r im en ts  w i th  
' ‘^ 'C -urid ine  and ^ '^ C -a ce ta te  showed t h a t  h i s t o n e  a c é t y l a t i o n  p rec e d e d  
RNA s y n t h e s i s .  T h is  was i n t e r p r e t e d  to  mean t h a t  a change in  th e  
ch e m is try  o f  th e  b a s i c  p r o t e i n s  of th e  chromosomes, b ro u g h t  ab o u t  by 
a c é t y l a t i o n  of th e  h i s t o n e ,  s ig n a l e d  a l a t e r  i n c r e a s e  i n  th e  RNA 
s y n t h e t i c  a c t i v i t y  o f  th e  ch rom atin .  M a c G il l iv r a y  (54) a l s o  found t h a t  
PHA in c r e a s e d  th e  l a b e l i n g  of h i s t o n e s  of lym phocytes in c u b a te d  w i t h  
m eth y l- rn e th io n in e  o r  sodium ^ ^ C - a c e ta ta ,  a  f i n d i n g  i n  g e n e r a l  
agreem ent w i th  th e  d a t a  o f  Pogo e ^  a l .  I t  h a s  a l s o  been r e p o r t e d  t h a t  
th e  p h o s p h o ry la t io n  o f  s e r i n e  and th r e o n in e  r e s i d u e s  a s s o c i a t e d  w i th  
n u c le a r  h i s to n e s  was i n c r e a s e d  tw ofo ld  w i t h in  1 h o u r  a f t e r  PHA 
a d d i t i o n  (5 5 ) .
These m o d i f i c a t i o n s  — i . e . ,  a c é t y l a t i o n ,  m é t h y la t i o n ,  and 
p h o s p n o ry la t io n  o f  h i s t o n e s ,  and histone-D NA i n t e r a c t i o n s  s u g g e s te d
8t h a t  an a l t e r a t i o n  o f  condensed  ch rom a tin  t o  a  d i f f u s e d  s t a t e  p ro b ab ly  
a c t i v a t e d  th e  ch ro m a tin  f o r  RNA s y n t h e s i s .  T h is  p o s s i b i l i t y  h as  been 
s u p p o r te d  by e x p e r im e n ts  u s in g  l a b e l e d  u r i d i n e  o r  c y t i d i n e  as p r e c u r s o r s  
to  s tu d y  lymphocyte RNA m eta b o lism . Many w orkers  (56-58) have observed  
marked i n c o r p o r a t io n  o f  t h e s e  i s o to p e s  w i t h in  30 to  60 m inu tes  a f t e r  th e  
a d d i t i o n  o f  PHA.
Lucas (59 ,60 )  o b se rv e d  t h a t  a d d i t i o n  of PHA to  human 
lym phocyte c u l t u r e s  p roduced  a  2 0 - f o ld  i n c r e a s e  i n  th e  r a t e  o f  
u r i d i n e  I n c o r p o r a t io n  i n t o  RNA, as w e l l  as th e  a c t i v i t y  o f  u r i d i n e  
k in a s e  a f t e r  24 h o u r s .  U r id in e  k in a s e  i s  the. enzyme c a t a ly z i n g  th e  
p h o s p h o ry la t io n  of p y r im id in e  n u c le o s id e s  i n t o  p y r im id in e  n u c l e o t i d e s .  
Lucas a l s o  obse rved  th e  i n h i b i t o r y  e f f e c t  o f  c y t i d i n e  on u r i d i n e  
in c o r p o r a t io n  and e x p la in e d  i t  as an e n d -p ro d u c t  feed b ack  I n h i b i t i o n ,  
i . e . J  u r i d i n e  k in a s e  i n h i b i t i o n  by p y r im id in e  t r i p h o s p h a t e .  O ther 
w orke rs  (61 ,62 )  showed a  c lo s e  c o r r e l a t i o n  betw een th e  r a t e  o f  u r i d i n e  
p h o s p h o ry la t io n  i n  lym phocyte  e x t r a c t s  and th e  r a t e  o f  u r i d i n e  
i n c o r p o r a t i o n  by the  i n t a c t  c e l l s .  A l l  a g re e d  t h a t  u r i d i n e  
i n c o r p o r a t io n  i n t o  RNA i s  l i m i t e d  by th e  r a t e  of u r i d i n e  p h o s p h o ry la t io n  
r a t h e r  than  th e  r a t e  o f  RNA p o ly m e r iz a t io n .
C o n f l i c t i n g  r e p o r t s  have  appeared  in  th e  l i t e r a t u r e ,  how ever, 
co n c e rn in g  th e  r a t e - l i m i t i n g  s t e p  i n  th e  u r i d i n e  i n c o r p o r a t io n  p r o c e s s .  
P e t e r  and Hausen ( 6 3 ) ,  i n v e s t i g a t i n g  th e  k i n e t i c s  o f  membrane t r a n s p o r t ,  
conc luded  t h a t  th e  t r a n s p o r t  o f  u r i d i n e  th rough  th e  c e l l  membrane i s  
th e  r a t e - l i m i t i n g  s t e p  i n  u r i d i n e  u p tak e  i n  P H A -stim ula ted  b o v in e  
lymph node lym phocy tes .  These a u th o r s  p o s t u l a t e d  t h a t  PHA induced  an . 
i n c r e a s e  i n  the  number o f  f u n c t i o n a l  c a r r i e r  s i t e s  o f  th e  membrane
t r a n s p o r t  sy s tem . T h is  h y p o th e s i s  was f u r t h e r  s u p p o r te d  by th e  f i n d i n g  
t h a t  the t r a n s p o r t  o f  th e  n o n -m e ta b o l iz a b le  g lu c o s e  ana logue  3 -0 -  
m e th y i -g lu c o s e  th ro u g h  th e  lymphocyte membrane was s t i m u la te d  
im m edia te ly  upon a d d i t i o n  o f  PHA (6 4 ) .
Cooper (6 5 ,5 5 )  r e p o r t e d  t h a t  a c c e l e r a t e d  u r i d i n e  i n c o r p o r a t io n  
by PH A -stim ula ted  lym phocytes i s  accompanied by i n c r e a s e d  u r i d i n e  
i n c o r p o r a t io n  i n t o  r ib o so m al  and t r a n s f e r  RNA as w e l l  as p o ly d is p e r s e  
RNA, which c o n s t i t u t e s  n e a r ly  a i l  th e  newly made RNA. i n  r e s t i n g  
lym phocytes . Thus th e  r a t e  o f  RNA s y n th e s i s  can be de te rm ined  
a c c u r a t e l y  by u s in g  s e d im e n ta t io n  s t u d i e s  to  e s t i m a t e  th e  p e rc e n ta g e  of 
RNA s y n t h e s i s  a t t r i b u t e d  to  r ib o so m a l  RNA (6 7 ) .  By t h i s  m ethod, t o t a l  
KNA s y n t h e s i s  I n c r e a s e d  two to  f o u r f o ld  i n  24 h o u r s .  R e c e n t ly ,  i t  was 
r e p o r t e d  t h a t  th e  e s t i m a t i o n  of RNA polym erase  a c t i v i t y  i n  n u c l e i  a l s o  
p ro v id e s  an a c c u r a t e ,  s im p le ,  and r a p id  means f o r  d e te rm in in g  
a l t e r a t i o n s  in  RNA s y n th e s i s  in  growing and nongrow ing c e l l s  (6 8 ) .
Cooper (69) u sed  m e th io n in e -m e th y l -  H t o  l a b e l  newly 
s y n th e s i z e d  r ib o s o m a l  RNA and made the  f o l lo w in g  o b s e r v a t io n s .  F i r s t ,  
abou t  one h a l f  o f  the  newly s y n th e s i z e d  IBS rRNA i n  r e s t i n g  lym phocytes 
was im m ed ia te ly  d e g ra d e d .  Second, th e  l e a s t  newly s y n th e s iz e d  rRNA was 
w a s ted  when c e l l s  w ere  i n  a r a p i d  growth p h ase  a f t e r  6-7 h o u rs  of 
i n c u b a t io n  w i th  PHA. F i n a l l y ,  a f t e r  20 h o u rs  o f  s t i m u l a t i o n ,  rRNA 
w as tage  was s t i l l  low, b u t  ro se  to  a l e v e l  s i g n i f i c a n t l y  above t h a t  
found a t  6-7 h o u r s .  A f t e r  40 h o u r s ,  a t  t h e  t im e  o f  maximal c e l l  
g ro w th ; rRNA w a s ta g e  was a lm ost as h ig h  as t h a t  i n  r e s t i n g  c e l l s .
Cooper s u g g e s te d  cha t  rRNA w a s ta g e ,  i n  b o th  r e s t i n g  and growing c e l l s ,  
may be a m a n i f e s t a t i o n  of a g r o w t h - r e g u la t i n g  mechanism. In  a g e n e r a l
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way, red u ced  w as tage  m ight o c c u r  only  d u r in g  u n s t a b l e  p e r io d s  of 
t r a n s i t i o n  from one s t a b l e  s t a t e  ( r e s t i n g )  to  a n o th e r  (maximal g row th ) .  
The norm al w a s t e f u l  mode of rRNA s y n t h e s i s  would be r e - e s t a b l i s h e d  on 
r e a c h in g  a s t a b l e  s t a t e .  The d e g ra d a t io n  mechanisms o f  th e  newly 
s y n th e s i z e d  rRNA were a l s o  p ro p o se d .
More r e c e n t l y ,  th e  rRNA p r o c e s s in g  i n  CLL lym phocytes d u r in g  
th e  f i r s t  48 h ou rs  of th e  d e la y e d  r e s p o n s e  to  PHA was s tu d i e d  by 
Rubin (7 0 ) .  He found t h a t  CLL lym phocytes f a i l e d  to  co n se rv e  18S rRNA 
p e r s i s t e n t l y .  S u b s e q u e n t ly ,  t h e  o v e r - a l l  r a t e  of RNA s y n th e s i s  lagged  
f a r  beh ind  the  l e v e l  a t t a i n e d  by normal c u l t u r e s  in c u b a te d  w i th  PHA.
Small lymphocytes have  bean  shown to  i n c o r p o r a t e  l a b e le d  
p h e n y la l a n i n e ,  l e u c i n e ,  i s o l e u c i n e ,  and m e th io n in e  i n t o  p r o t e i n  (7 1 ) .  
S e v e r a l  a u th o r s  (72-74) have  r e p o r t e d  t h a t  th e  PH A -stim ula ted  c u l t u r e d  
lym phocytes c o n ta in  im m unoglobulins and even s p e c i f i c  a n t ib o d y .
K ay 's  (75) s tu d y  i n d i c a t e d  t h a t  p r o t e i n  s y n t h e s i s  was s t i m u la te d  a f t e r  
th e  i n i t i a t i o n  o f  RNA s y n t h e s i s .  However, e a r l y  p r o t e i n  s y n th e s i s  
a p p e a re d  to  occur  on p r e - e x i s t i n g  r ib o so m es .
Hayden e t  a l .  (75) have  shown t h a t  g lucosam ine  i s  in c o r p o r a t e d  
i n t o  membrane g l y c o p r o t e i n  o f  PH A -s tim u la ted  lym phocytes s lo w ly  b u t  
p r o g r e s s i v e l y .  By p r o t e o l y t i c  d i g e s t i o n ,  u s in g  g e l  f i l t r a t i o n  on a 
Sephadsx G-150 column, t h e s e  a u th o r s  d e m o n s tra ted  th e  r e l e a s e  o f  t h r e e  
d i f f e r e n t  g l y c o p r o t e i n s  c o n ta i n in g  g lucosam ine  from a p u r i f i e d  
lym phocyte  membrane f r a c t i o n .
Using l a b e l e d  th y m id in e ,  which i s  r a p i d l y  and s p e c i f i c a l l y  
i n c o r p o r a t e d  i n t o  DNA, Bender and P r e s c o t t  (77) f i r s t  e lu c i d a t e d  DNA 
s y n t h e s i s  and m i t o s i s  i n  s t i m u l a t e d  human lym phocy tes ,  and thus
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i n t ro d u c e d  th e  concep t  o f  th e  human lymphocyte c e l l  c y c le .  T he ir  s tu d y  
re v e a le d  t h a t  (a) every  m i t o s i s  i s  p rec e d e d  by an i ^  v i t r o  DNA 
d u p l i c a t i o n ,  (b) th e  d u r a t i o n  o f  th e  o r d e r l y  G l ,  S, and G2 i s  
ap p ro x im a te ly  24, 12, and 6 h o u r s ,  r e s p e c t i v e l y ,  and (c) an i n d iv i d u a l  
lymphocyte can d iv id e  a p p ro x im a te ly  fo u r  t im e s ,  i . e . ,  th e  c u l t u r e  l i f e  
span  i s  l i m i t e d .
In  s t i m u la t e d  no rm al lym phocy tes ,  Loeb £ t  _al. (78) found t h a t  
(a) the  in d u c t io n  o f  DNA po lym erase  i s  p a r a l l e l  i n  tim e and m agnitude 
to  the  a b i l i t y  of th e  c e l l s  to  s y n th e s i z e  DNA, (b) th e  i n c r e a s e  i n  DNase 
a c t i v i t y  a l s o  p a r a l l e l s  DNA s y n t h e s i s  and th e  r i s e  in  p o lym erase ,  (c)  
the  a c t i v i t i e s  of th ym id ine  k in a s e  and th y m id y la te  k in a s e  i n c r e a s e  abou t 
two to  t e n f o l d ,  and (d) g u a n y la te  k in a s e  and de o x y g u a n y la te  k in a s e  
a c t i v i t i e s  f a i l  to  r i s e  s i g n i f i c a n t l y .
A b e l l  u t  a l . (79) e s t im a te d  th e  r a t e  o f  DNA s y n th e s i s  in  
lymphocyte c u l t u r e  by m easu r ing  the  r a t e  of i n c o r p o r a t io n  of l a b e le d  
thym id ine  i n t o  DNA o v e r  a  p e r io d  of 8 d a y s .  T h e i r  s tu d y  dem ons tra ted  
t h a t  norm al lym phocytes r e a c h  a maximum DNA s y n t h e s i s  a t  3 to  4 days 
a f t e r  PHA s t i m u l a t i o n ,  w hereas  CLL lym phocytes show v a r io u s  delayed  
re s p o n s e s ,  depend ing  upon the  w h i te  b lood  c e l l  coun t o f  th e  p a t i e n t .
Thus, t h e i r  CLL c a se s  w ere  a r b i t r a r i l y  d iv id e d  i n t o  t h r e e  g roups. 
Lymphocytes from p a t i e n t s  w i th  low, medium, and h ig h  w h i te  blood c e l l  
coun ts  e x h ib i t e d  maximal DNA s y n th e s i s  on days 5 ,  6 ,  and 7 ,  r e s p e c t i v e l y .  
The ob se rv ed  d e la y  i n  maximal DNA s y n t h e s i s  i n  CLL lym phocytes i s  
c o n s i s t e n t  w i th  th e  d a t a  o f  Havemann and Rubin (8 0 ) .
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N u c le o t id e  M etabo lism  i n  R e s t in g  and PH A -stim ula ted  
Normal and CLL Lymphocytes
I t  i s  w a l l  e s t a b l i s h e d  t h a t  n u c l e o t id e s  can be d e r iv e d  e i t h e r  
from p reform ed  p u r in e  o r  p y r im id in e  b a s e s  o r  n u c le o s id e s  ( s a lv a g e  
p a thw ay),  o r  from p u r in e s  and p y r im id in e s  s y n th e s iz e d  by the  c e l l s  from 
s im p le  p r e c u r s o r s  such as ammonia, fo rm a te ,  and CO2 ( de novo pa th w a y ) .  
S e v e ra l  com prehensive rev ie w s  d e a l  w i th  some o f  th e  enzymic r e a c t i o n s  
o f  n u c le o t id e  b i o s y n t h e s i s  and enzyme r e g u l a t i o n s  (8 1 -8 4 ) .
I n d i r e c t  e v id e n c e  t h a t  carbam yl ph o sp h a te  i s  a p r e c u r s o r  o f  
o r o t a t e  in  an im al t i s s u e s  i s  p ro v id e d  by i n c o r p o r a t io n  o f  l a b e l e d  CO  ^
i n t o  u r a c i l  and u r i d i n e  n u c l e o t i d e s  i n  E h r l i c h  a s c i t e s  (85) and 
N ov ikoff  a s c i t e s  tumors (8 6 ) .  Carbamyl phospha te  s y n t h e s i s  h a s  b een  
d i r e c t l y  d e m o n s tra ted  i n  c e l l - f r e e  e x t r a c t s  o f  E h r l i c h  a s c i t e s  c e l l s ,  
f e t a l  r a t  l i v e r  (8 7 ) ,  and mouse s p le e n  (8 8 ) .  I t o  and Uchino (89) showed 
t h a t  th e  I n i t i a l  s t e p s  i n  ^  novo p y r im id in e  b i o s y n t h e s i s  a r e  p r e s e n t  
i n  PH A -stim ula ted  ly m p h o c y te s ,  s i n c e  i n c r e a s e d  in c o r p o r a t io n  o f  ^^C02 
i n t o  u r i d i n e  n u c l e o t i d e s  and e l e v a t e d  carbairiyl p h o sp h a te  s y n th e t a s e  
a c t i v i t y  were found i n  t h e s e  c e l l s .
C o n f l i c t i n g  r e p o r t s  have  been  p u b l i s h e d  c o n c ern in g  th e  
c a p a c i ty  o f  lym phocytes  t o  u t i l i z e  t h e  ^  novo p y r im id in e  s y n t h e t i c  
r o u te  w i th  a s p a r t i c  a c id  o r  o r o t i c  a c id  as p r e c u r s o r s .  Lucas (5 9 ,6 0 )  
observed  s u b s t a n t i a l  i n c o r p o r a t i o n  o f  b o th  l a b e le d  a s p a r t i c  a c id  and 
o r o t i c  a c id  i n t o  lym phocyte  RNA, im p ly ing  t h a t  th e  p y r im id in e  ^  novo 
pathway i s  a m ajor  s y n t h e t i c  r o u t e .  On th e  o th e r  h a n d ,  Kay and 
Handmaker (62) d id  n o t  o b s e rv e  t h i s  phenomenon. Enzymes of th e  ^  novo 
p y r im id in e  pa thw ay , such  as a s p a r t a t e  t r a n s c a r b a m y la s e ,  d i h y d r o o r o t a s e .
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d i h y d r o o r o t i c  d e h y d ro g e n a se ,  and o r o t i d y l i c  d e c a r b o x y la s e ,  have  been  
d e m o n s t ra te d  i n  l e u k o c y te s  ( 9 0 ,9 1 ) .
In  E s c h e r i c h i a  c o l l  (81) and y e a s t  m u tan ts  ( 8 3 ) ,  a s p a r t a t e  
t r a n s c a rb a m y la s e  ( th e  enzyme c a t a l y z i n g  th e  fo rm a tio n  o f  carbam yl 
a s p a r t a t e  from carbam yl p h o sp h a te  and a s p a r t i c  a c id )  a p p e a rs  t o  b e  a 
r e g u l a to r y  enzyme o f  ^  novo p y r im id in e  s y n t h e s i s .  However, i n  mouse 
s p le e n  c e l l s ,  a s p a r t a t e  t r a n s c a r b a m y la s e  seems r e l a t i v e l y  i n s e n s i t i v e  
to  fee d b a c k  i n h i b i t i o n  (88 , 9 2 ) ,  w hereas  carbamyl p h o sp h a te  s y n th e t a s e  
i s  i n h i b i t e d  by u r i d i n e  t r i p h o s p h a t e  (8 8 ) .  Thus a p o s s i b l e  a l t e r n a t i v e  
means o f  r e g u l a t i n g  ^  novo p y r im id in e  s y n th e s i s  may be p ro v id e d  by 
carbam yl p h o sp h a te  s y n t h e t a s e .
The c o n t r o l  o f  ^  novo p u r in e  b i o s y n t h e s i s  by feed b ack  
i n h i b i t i o n  o f  p h o s p h o r ib o s y lp y ro p h o s p h a te  a m i d o t r a n s f e r a s e ,  th e  f i r s t  
enzyme o f  t h i s  pa thw ay , h a s  been  d e m o n s t ra te d  in  p ig eo n  l i v e r  (9 3 ) .  
However, e v id e n c e  h as  been  p r e s e n te d  t h a t  n o n - s t im u la t e d  human 
l e u k o c y te s  canno t  u t i l i z e  t h e  de novo pathway of p u r in e  r i b o n u c l e o t i d e  
s y n t h e s i s ,  o r  can do so  o n ly  p o o r ly  ( 9 4 ) .  Labe led  g ly c in e  i s  n o t  
i n c o r p o r a t e d ,  and l a b e l e d  fo rm a te  i s  i n c o r p o r a t e d  i n t o  p u r in e s  i n  
norm al l e u k o c y te s  on ly  when i n t e r m e d i a t e s  such as am ino im idazo le  
carboxam ide  o r  i t s  r i b o n u c l e o t i d e  a r e  p r e s e n t .  T h is  i n d i c a t e s  t h a t  th e  
d e f i c i e n c y  e x i s t s  in  th e  e a r l y  s t e p s  o f  th e  p u r in e  pathw ay. The 
l i m i t a t i o n s  i n  ^  novo s y n t h e s i s  o f  p u r in e  r i b o n u c l e o t i d e s  i n  l e u k o c y te s  
im p l ie s  t h a t  s y n t h e s i s  o c c u rs  v i a  th e  s a lv a g e  pathw ay. No c l e a r  
i n d i c a t i o n  o f  t h i s ,  how ever, h as  been  obse rved  i n  s t i m u l a t e d  lym phocy tes .
I n  th e  de novo pa thw ay , th e  d e o x y n u c le o t id e s  a r e  formed i n  
v i t r o  by th e  d i r e c t  r e d u c t i o n  o f  n u c l e o t i d e s .  The r e s p o n s i b l e  enzyme.
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r i b o n u c l e o t i d e  r e d u c t a s e ,  was found to  be p r e s e n t  i n  b o th  n o n - s t im u la t e d  
no rm al and CLL lym phocy tes , w i th  a s l i g h t l y  h ig h e r  l e v e l  i n  th e  l a t t e r  
c e l l s  (9 5 ) .  L i t t l e  i n fo r m a t io n  i s  a v a i l a b l e  on r e g u l a t i o n  o f  n u c l e o t i d e  
r e d u c t a s e  s y n t h e s i s  i n  an im al c e l l s ,  a l th o u g h  i t  i s  known t o  o c c u r .  In  
k id n e y  c e l l s  c u l t u r e d  d i r e c t l y  from th e  r a b b i t ,  c y t i d i n e  i n c o r p o r a t i o n  
i n t o  d e o x y c y t id in e  n u c l e o t id e s  b e g in s  t o  i n c r e a s e  a p p ro x im a te ly  when 
DNA fo rm a t io n  i s  i n i t i a t e d  (9 6 ) .  T h is  m a y . r e p re s e n t  i n c r e a s e d  r i b o ­
n u c l e o t i d e  r e d u c t a s e  a c t i v i t y ,  s i n c e  i t  i s  r e v e r s i b l y  i n h i b i t e d  by 
h y d ro x y u re a ,  an i n h i b i t o r  o f  th e  r e d u c t a s e  in  E h r l i c h  a s c i t e s  c e l l s  
and L c e l l s  (97 ) .
D e s p i te  t h e i r  c a p a c i ty  f o r  de novo n u c l e o t id e  s y n t h e s i s ,  c e l l s  
o f  most o rganism s a l s o  s y n th e s i z e  n u c l e o t i d e s  from p u r in e  and p y r im id in e  
b a s e s  and n u c l e o s i d e s .  Enzymes of t h i s  s a lv a g e  pa thw ay , i n c lu d in g  
n u c le o s i d e  k in a d e ,  p u r in e  p h o s p h o r i b o s y l t r a n s f e r a s e , and n u c le o s id e  
p h o s p h o ry la s e ,  a re  e s s e n t i a l .
Many i n v e s t i g a t o r s  b e l i e v e  t h a t  thym id ine  k in a s e  i s  im p o r ta n t
i n  th e  c o n t r o l  o f  DNA s y n th e s i s  i n  v a r i o u s  c e l l s ,  b e c a u s e  i n c r e a s e d
a c t i v i t y  o f  t h i s  enzyme i s  a s s o c i a t e d  w i t h  r a p i d  growth and a c c e l e r a t e d
DNA s y n t h e s i s .  T ha t  th e  maximum k i n a s e  l e v e l  i s  re a c h e d  a t  th e  end o f
m i t o s i s ,  c o in c id in g  w i th  th e  o n s e t  of DNA r e p l i c a t i o n ,  was d e m o n s tra ted
i n  mouse f i b r o b l a s t s  (98 ) .  A lthough th e  c o n t r o l  o f  th y m id in e  k i n a s e  i s
l i t t l e  u n d e rs to o d ,  s t u d i e s  o f  l i v e r  c u l t u r e  c e l l s  have  s u g g e s te d  t h a t  a
p h o s p h o ry la te d  d e r i v a t i v e  o f  d e o xy thym id ine  may be in v o lv e d  (9 9 ) .  I n
b o th  n o n - s t im u la t e d  norm al and CLL ly m p h o c y te s ,  th y m id in e  k in a s e
a c t i v i t y  was found to  be low (1 0 0 ) .  O th e r  n u c le o s id e  k i n a s e s ,  such as
u r i d i n e  k in a s e  and c y t i d i n e  k i n a s e ,  r o s e  to  20 t im es  t h e i r  c o n t r o l  
l e v e l s  a f t e r  PHA t r e a tm e n t  ( 5 9 ,6 0 ) .
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In  mammalian t i s s u e s ,  fo rm a t io n  o f  p u r in e  m ononucleo tides  from 
th e  a p p r o p r i a t e  p u r in e  and p h o s p h o r ib o s y l  py rophospha te  (PRPP) appears  
to  be a f u n c t i o n  of a t  l e a s t  two enzymes, h y p o x a n th in e -g u a n in e  p h o s -  
p h o r i b o s y l t r a n s f e r a s e  and a d e n in e  p h o s p h o r i b o s y l t r a n s f e r a s e  (91 ) .
These enzymes a r e  s p e c i f i c  f o r  g u a n in e ,  h y p o x a n th in e , i n o s i n e ,  and 
a d e n in e .  When they  w ere s t u d i e d  i n  b o th  norm al and leukem ic  l e u k o c y te s  
( 9 1 ,1 0 1 ,1 0 2 ) ,  t h e r e  appeared  to  be no s i g n i f i c a n t  r e d u c t io n  in  
h y p o x a n th in e -g u a n in e  p h o s p h o r i b o s y l t r a n s f e r a s e .  However, aden ine  
p h o s p h o r i b o s y l t r a n s f e r a s e  i n c r e a s e d  two t o  t h r e e f o l d  in  CLL c e l l s .
In  th e  Lesch-Nyhan syndrom e, h y p o x a n th in e -g u a n in e  
p h o s p h o r i b o s y l t r a n s f e r a s e  i s  a b s e n t  and ad e n in e  p h o s p h o r i b o s y l t r a n s f e r a s e  
i s  e l e v a t e d  in  th e  p a t i e n t ^  e r y t h r o c y t e s  and f i b r o b l a s t s  (103 ).  T h is  
syndrome i s  c h a r a c t e r i z e d  by n e u r o lo g ic  d y s f u n c t io n ,  d e s t r u c t i v e  
b e h a v io r ,  and o v e rp r o d u c t io n  o f  u r a t e .
The d e o x y c y t id in e  pathway has a l s o  been  s tu d i e d  e x t e n s i v e l y .  
R ab inow itz  e t  a l . (104) found t h a t  norm al and CLL c e l l s  in c u b a te d  w ith  
l a b e l e d  d e o x y c y t id in e  o r  d e o x y c y t id in e  monophosphate y i e l d e d  th e  
g r e a t e s t  breakdown t o  u r a c i l .  M y e lo b la s ts  and m o n o b la s ts ,  however, 
showed th e  g r e a t e s t  r e c o v e ry  o f  d e o x y c y t id in e  t r i p h o s p h a t e  (dCTP), 
d e o x y u r id in e  m onophosphate (dUMP) and th y m id in e  t r i p h o s p h a t e  (TTP).
U r a c i l  may be d e r iv e d  from e i t h e r  d e o x y u r id in e  o r  d e o x y u r id in e  mono­
p h o s p h a te ,  w h ic h ,  i n  t u r n ,  a r e  formed from d e o x y c y t id in e  o r  deoxy­
c y t i d i n e  m onophosphate , r e s p e c t i v e l y .  DCTP, dUMP and TTP a r e  p ro d u c ts  
of d e o x y c y t id y la t e  k i n a s e ,  d e o x y c y t id in e  d eam inase ,  and th y m id y la te  
s y n t h e t a s e ,  p lu s  th y m id y la te  k i n a s e .  R ab inow itz  and co -w orke rs  a l s o  
o bse rved  t h a t  CLL lym phocytes produced  a p p r e c ia b l e  amounts o f  dCTP,
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dUMP, and Th compounds, b u t  d id  n o t  r e g u l a r l y  produce b l a s t  c e l l s  in  
c u l t u r e  i n  re s p o n s e  t o  PHA. On th e  o t h e r  hand , c e l l u l a r  e x t r a c t s  o f  
norm al ly m p h o c y te s , o r  CLL lym phocytes w i th  a PHA re sp o n se  rese m b lin g  
t h a t  o f  norm al c e l l s , d id  accum ula te  s i g n i f i c a n t  amounts o f  th e s e  
compounds compared w i th  i n i t i a l  low v a lu e s  du r in g  c u l t u r e .
The th y m id y la te  s y n th e t a s e  l e v e l  has been obse rved  to  be 
e l e v a te d  in  c h ic k  embryo (1 0 5 ) ,  h e p a te c to m iz e d  r a t  l i v e r  (1 0 6 ) ,  and
heptomas (1 0 7 ,1 0 8 ) .  N oth ing  i s  known o f  th e  r o l e  p layed  by m e ta b o l i t e s
in  the  r e g u l a t i o n  of t h i s  enzyme s y n t h e s i s .  During r a p id  g row th , 
th y m id y la te  k in a s e  a c t i v i t y  c o r r e l a t e s  w i th  the  r a t e  o f  DNA s y n t h e s i s ,  
s u g g e s t in g  t h a t  th e  enzyme l e v e l  i s  r e g u l a t e d  by r e p r e s s i o n  or 
i n d u c t io n .
I n h i b i t i o n  of d e o x y c y t id y la t e  deaminase by dTTP h as  been 
obse rved  i n  e x t r a c t s  o f  r a t  embryos (109) and of E h r l i c h  a s c i t e s  c e l l s  
(110);  in  th e  l a t t e r  c a s e ,  dCTP r e v e r s e s  th e  i n h i b i t i o n .  The p a r t i a l l y
p u r i f i e d  enzyme from le u k o c y te s  e x h i b i t s  l i n e a r  d o u b l e - r e c i p r o c a l  p l o t s
bo th  i n  th e  absence  o f  m o d i f i e r s  and i n  th e  p re se n c e  o f  th e  a c t i v a t o r ,  
dTTP (111 ).
In  c o n c lu s io n ,  a p r e c i s e  b a la n c e  between th e  ^  novo and 
s a lv a g e  s y n t h e s i s  pathway f o r  p u r in e  and p y r im id in e  i s  c r i t i c a l  to  
c e l l  f u n c t i o n .  The i n t r i c a t e  r e l a t i o n s h i p  between th e  two pathways 
may have i m p l i c a t i o n s  f o r  p o t e n t i a l  c h e m o th e ra p e u tic  a p p l i c a t i o n  i n  
the  t r e a tm e n t  o f  leukem ia .
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Role o f  C y c l ic  AMP i n  N e o p l a s t i c  C e l l  Growth
and Lymphocyte P r o l i f e r a t i o n  i n  V i t ro
C y c l ic  AMP was d i s c o v e r e d  as th e  m ed ia to r  of th e  h e p a t i c  
g ly c o g e n o ly t i c  e f f e c t  o f  e p in e p h r in e  and g lucagon by S u th e r la n d  and 
R a i l  (112). The a c t i o n s  o f  a wide v a r i e t y  o f  hormones a r e  now known to  
be m ed ia ted  by a l t e r a t i o n s  i n  th e  i n t r a c e l l u l a r  l e v e l s  o f  c y c l i c  AMP i n  
th e  t a r g e t  t i s s u e  re s p o n d in g  to  th e  hormones (113 ).  The second 
m essenger f u n c t io n  o f  c y c l i c  AMP has  b een  d i s c u s s e d  i n  d e t a i l  by 
S u th e r la n d  £ t  a l .  (11 4 -1 1 6 ) .
Evidence  e x i s t s  t h a t  c y c l i c  AMP may r e g u l a t e  c e l l  d i v i s i o n  in  
a t  l e a s t  some mammalian t i s s u e s .  DNA s y n t h e s i s  i n c r e a s e s  and c e l l u l a r  
p r o l i f e r a t i o n  o c c u rs  i n  r a t  s a l i v a r y  g lan d  i n  r e s p o n s e  t o  i s o p r o t e r e n o l  
(IPT) (1 1 7 ) ,  a d e r i v a t i v e  o f  n o r e p in e p h r in e .  Thymocytes showed
a c t i v a t e d  DNA s y n th e s i s  and m i t o t i c  a c t i v i t y  i n  r e s p o n s e  t o  exogenous
c y c l i c  AMP (118).  These o b s e r v a t io n s  s u g g e s t  t h a t  e x c e s s i v e l y  h ig h  
l e v e l s  o f  c y c l i c  AMP cou ld  be a f a c t o r  l e a d in g  to  m a l ig n a n t  c e l l  g row th .
In  c o n t r a s t ,  Ryan and H e id r i c k  (119) found t h a t  exogenous 
c y c l i c  AMP i n h i b i t e d  th e  grow th  o f  HeLa c e l l s  and L c e l l s  where 
equ irao la r  c o n c e n t r a t i o n s  o f  5 '-AMP and ad e n o s in e  ( m e t a b o l i t e s  o f  c y c l i c  
AMP) were i n a c t i v e .  H e id r i c k  and Ryan l a t e r  ex tended  t h e i r  t i s s u e  
c u l t u r e  s t u d i e s  t o  o th e r  tu m o r ig e n ic  c e l l  l i n e s  and o t h e r  c y c l i c  
n u c l e o t i d e s .  C y c l ic  AMP was found t o  i n h i b i t  th e  m a l ig n a n t  c e l l s  
m arked ly ,  b u t  had on ly  a s l i g h t  e f f e c t  on th e  growth o f  a n o n m alig n a n t  
d i p l o i d  c e l l  l i n e  (1 2 0 ) .  C y c l ic  GMP's (3 ',5 '-G M P  and 2 ',3 '-G M P ) w ere  
l e s s  s p e c i f i c ,  p ro d u c in g  s i m i l a r  i n h i b i t i o n  in  a l l  c e l l  l i n e s .  The 
p y r im id in e s ,  c y c l i c  CMP and c y c l i c  UMP, f a i l e d  to  a f f e c t  th e  growth o f
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any o f  the  c e l l s .  G e r lc k e  and Chandra (121) found t h a t  th e  i n j e c t i o n  of 
c y c l i c  AMP i n h i b i t e d  th e  grow th  o f  a  su b c u ta n e o u s ly  t r a n s p l a n t e d  
lymphosarcoma In  m ice. C y c l ic  UMP and c y c l i c  IMP w ere a l s o  t e s t e d ;  th ey  
were l e s s  e f f e c t i v e  th a n  c y c l i c  AMP.
These f i n d i n g s  have prom pted e x te n s iv e  s tu d y  o f  th e  r e g u l a t o r y  
r o l e  o f  c y c l i c  AMP i n  lym phocyte  t r a n s f o r m a t io n ,  d i s c u s s e d  be low . The 
c o n t r a d i c t o r y  r e s u l t s  on th e  c y c l i c  AMP l e v e l  in  P H A -s tlm u la ted  
lym phocytes were d e s c r ib e d  e a r l i e r  i n  t h i s  c h a p te r .
Using c u l t u r e d  p e r i p h e r a l  b lo o d  lym phocy tes , H ir sc h h o rn  e t  a l .  
(122) obse rved  s t i m u l a t i o n  o f  RNA and DNA s y n t h e s i s  i n  r e s p o n s e  to  
c y c l i c  AMP. O ther n u c l e o t i d e s  and ad e n o s in e  had no e f f e c t  o r  w ere 
i n h i b i t o r y .  In  s u s p e n s io n s  o f  lym phocytes taken  from r a t  lymph n o d e s ,  
low c o n c e n t r a t i o n s  o f  th e  d i b u t y r y l  c y c l i c  AMP s t i m u l a t e d  RNA b u t  n o t  
DNA s y n t h e s i s  (48 ) .  MacManus and W h i t f i e ld  (118) d e m o n s t ra te d  t h a t  
a d d i t i o n s  of c y c l i c  AMP in f l u e n c e d  DNA s y n th e s i s  i n  thym ic ly m p h o cy te s ;  
h ig h  c o n c e n t r a t io n s  i n h i b i t e d  w hereas  low c o n c e n t r a t i o n s  s t i m u l a t e d  
r e p l i c a t i o n .
A b e ll  eh (79) d e m o n s t ra te d  t h a t  IPT i n h i b i t e d  DNA 
s y n t h e s i s  i n  CLL lym phocytes b u t  n o t  i n  norm al lym phocy tes .
F u r th e rm o re ,  Johnson and A b e l l  (123) i n v e s t i g a t e d  th e  p o s s i b i l i t y  t h a t  
IPT m igh t  a c t  th rough  th e  i n t r a c e l l u l a r  m e d ia to r  c y c l i c  AMP. A lthough  
c y c l i c  AMP e x h i b i t e d  a  m odera te  i n h i b i t o r y  e f f e c t ,  d i b u t y r y l  c y c l i c  
AMP and IPT i n h i b i t e d  DNA s y n t h e s i s  t o  an e s s e n t i a l l y  i d e n t i c a l  e x t e n t  
over  a  1 0 0 - fo ld  c o n c e n t r a t i o n  r a n g e .  These o b s e r v a t io n s  s t r o n g l y  
su g g e s te d  t h a t  c y c l i c  AMP i s  in v o lv e d .  A d d i t io n a l  s u p p o r t  f o r  t h i s  
co n c ep t  was p ro v id e d  by Smith e t  a l .  ( 4 7 ) ,  who d e m o n s t ra te d  marked 
e l e v a t i o n  o f  c y c l i c  AMP i n  no rm al lym phocytes a f t e r  PHA a d d i t i o n .
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G e n e ra l  C o n s id e ra t io n  o f  C y c l ic  P h o s p h o d ie s te ra s e
The l e v e l  o f  c y c l i c  AMP i s  d e te rm in e d  by the  a c t i v i t i e s  o f  two 
opposing  enzymes. One enzyme, ad e n y l  c y c l a s e ,  c a t a ly z e s  th e  fo rm a tio n  
of c y c l i c  AMP from ATP, w hereas th e  second , c y c l i c  p h o s p h o d ie s te r a s e ,  
c a t a ly z e s  i t s  h y d r o ly s i s  t o  5 '-AMP. I n d i r e c t  e v id e n c e  t h a t  adeny l 
c y c la s e  i s  p r e s e n t  in  human l e u k o c y te s  was p ro v id e d  by L i c h t e n s t e i n  and 
M argo lis  (1 2 4 ) .  They o b se rv ed  t h a t  a n t ig e n -m e d ia te d  r e l e a s e  of 
h i s t a m in e  from s e n s i t i z e d  human le u k o c y te s  was i n h i b i t e d  by a m in o p h y l l in e , 
IPT, and d i b u t y r y l  c y c l i c  AMP. Smith e t  (47) o b ta in e d  d i r e c t  
e v id e n c e  f o r  th e  p re s e n c e  o f  adeny l c y c la s e  i n  lym phocytes by m easu r ing  
e a r l y  i n c r e a s e  i n  adeny l  c y c la s e  a c t i v i t y  in  lym phocytes exposed t o  PHA. 
The enzyme responded  c o n v e n t io n a l ly  to  f l u o r i d e ,  p r o s t a g l a n d i n  E, and IPT. 
Although c y c l i c  p h o s p h o d ie s te r a s e  has  been  i d e n t i f i e d  in  many t i s s u e s ,  
to  d a t e  o n ly  a few s t u d i e s  have d e s c r ib e d  th e  p h y s i c a l  and chem ical  
p r o p e r t i e s  o f  th e  enzyme i n  any d e t a i l  (1 1 4 -1 1 6 ) .
V a r io u s  compounds a l t e r  th e  a c t i v i t y  o f  p h o s p h o d ie s te r a s e  in  
v i t r o . M a th y lx a n th in e s , such  as  t h e o p h y l l i n e  (125) and c a f f e i n e  (126, 
127) ,  were found to  i n h i b i t  p h o s p h o d ie s t e r a s e ,  d e c re a s e  c y c l i c  AMP 
d e g r a d a t i o n ,  and u l t i m a t e l y  r a i s e  th e  l e v e l  o f  c y c l i c  AMP i n  t i s s u e s .
At th e  same t im e ,  th e s e  compounds p o t e n t i a t e  th e  r e s p o n s e  to  th e  
hormone u n d e r  i n v e s t i g a t i o n .  T hus , t i s s u e  re s p o n s e  t o  m e th y lx a n th in e s  
i n  t h e s e  s t u d i e s  has  been  g e n e r a l l y  tak e n  as p o s i t i v e  ev id en ce  t h a t  
c y c l i c  AMP i s  a  m e d ia to r  o f  hormone a c t i o n .  O th e r  compounds r e p o r t e d  
t o  i n h i b i t  p h o s p h o d ie s te r a s e  a c t i v i t y  in c lu d e d  ATP (1 2 8 ) ,  puromycin
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(1 2 9 ) ,  and p a p a v e r in e  (1 3 0 ) .  O ther  s u b s t r a t e s  f o r  c y c l i c  phospho­
d i e s t e r a s e  a re  c y c l i c  GMP and c y c l i c  IMP, These n u c l e o t i d e s  a p p e a r  to  
compete w ith  c y c l i c  AMP f o r  t h e  s u b s t r a t e  s i t e  on th e  enzyme. The 
s u b s t r a t e  n a tu r e  o f  th e  enzyme w i l l  be  d i s c u s s e d  l a t e r .
K in e t i c  s t u d i e s  have r e v e a le d  two a p p a re n t  M ic h a e l i s  c o n s t a n t s  
f o r  c y c l i c  Al'EP h y d r o l y s i s ,  r a n g in g  from 10~^M to  10~^M. T h is  
phenomenon was i n i t i a l l y  r e p o r t e d  by Brooker and Appleman (131) and i s  
c o n s i s t e n t  w i th  l i t e r a t u r e  on p h o s p h o d ie s te r a s e  a c t i v i t y  i n  m uscle  
(129) and f a t  c e l l s  (1 3 2 ) .  The i m p l i c a t i o n  o f  th e  two v a lu e s  i s  
e i t h e r  t h a t  t h e s e  t i s s u e s  c o n ta in  two or more forms o f  c y c l i c  
p h o s p h o d ie s te r a s e  o r  t h a t  one form e x i s t s  w i th  m u l t i p l e  b in d in g  s i t e s  
o f  d i f f e r e n t  a f f i n i t i e s  f o r  c y c l i c  AMP. The f i r s t  o f  t h e s e  
i n t e r p r e t a t i o n s  was su p p o r te d  by th e  s e p a r a t i o n  o f  a t  l e a s t  two enzyme 
forms from b r a i n  t i s s u e  (1 3 3 ) .  More r e c e n t l y ,  s e p a r a t i o n  o f  m u l t i p l e  
forms has  been a c h ie v e d  i n  s k e l e t a l  m u sc le ,  h e a r t  m u sc le ,  k id n ey  and 
f a t  t i s s u e s  by th e  u s e  o f  a g a ro s e  g e l  f i l t r a t i o n  (1 1 5 ,1 3 4 ) .  P u r i f i e d  
p h o s p h o d ie s te r a s e  appeared  to  be s p e c i f i c  f o r  p u r in e  3 ' , 5 ' - m o n o -  
n u c l e o t i d e s .  A h ig h - m o le c u la r - w e ig h t  f r a c t i o n  (a p p ro x im a te ly  400 ,000)  
p u r i f i e d  from b r a i n ,  k id n e y ,  and f a t  pads  d e m o n s tra ted  a  h i g h e r  
a f f i n i t y  f o r  c y c l i c  GMP th a n  c y c l i c  AMP. The f o r  c y c l i c  AMP was 
10~^M and t h a t  f o r  c y c l i c  GMP was 1 0 " % . A lo w -m o le c u la r -w e ig h t  f r a c t i o n  
(a p p ro x im a te ly  200 ,000) c a ta ly z e d  no c y c l i c  GMP h y d r o l y s i s  under  norm al 
a s sa y  c o n d i t io n s  and had a f o r  c y c l i c  AMP o f  5 x 10” %  o r  lo w er .
In  c o n c lu s i o n ,  k i n e t i c  and p h y s i c a l  d a t a  c o n c e rn in g  c y c l i c  
p h o s p h o d ie s te r a s e  have r e v e a l e d  a c o m p l ic a te d  p i c t u r e  o f  isoenzym es . 
K i n e t i c  a n a ly s i s  c l e a r l y  I n d i c a t e s  t h a t  th e  r a t e  o f  h y d r o l y s i s  o f
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c y c l i c  AMP can be d i r e c t l y  a l t e r e d  by c y c l i c  GMP and v ic e  v e r s a .
However, r e c e n t  r e p o r t s  s u g g e s t  t h a t  t h i s  e f f e c t  of one c y c l i c  
n u c l e o t i d e  on th e  h y d r o ly s i s  o f  th e  o t h e r  may n o t  always be i n h i b i t o r y  
(1 3 5 ) .  At th e  p r e s e n t  t im e ,  no d a t a  were a v a i l a b l e  on p h o s p h o d ie s te r a s e  
i n  human lym phocytes .
S p e c i f i c  Aims
T h is  r e s e a r c h  was des ig n ed  to  a s c e r t a i n  s e l e c t e d  b io c h e m ic a l  
d i f f e r e n c e s  between norm al and CLL lym phocytes . We examined (a)  th e  
mechanism o f  th e  n o n s p e c i f i c  i n h i b i t o r y  e f f e c t  e x e r t e d  by c y t i d i n e  on 
u r i d i n e - %  in c o r p o r a t io n  i n  b o th  norm al and CLL lym phocy tes , (b) th e  
e f f e c t s  o f  p u r in e s ,  p u r in e  r i b o n u c l e o s i d e s , and c y c l i c  p u r in e  r i b o ­
n u c l e o t i d e s  on th y m id in e - %  and u r id in e - ^ H  i n c o r p o r a t io n  i n  no rm al and 
CLL lym phocytes and th e  p o s s i b l e  mechanisms f o r  t h e i r  a c t i o n s  and (c )  
th e  n a tu r e  o f  c y c l i c  p h o s p h o d ie s t e r a s e  i n  b o th  norm al and CLL 
lym phocy tes .
Our aim was to  e l u c i d a t e  th e  b a s i c  a l t e r a t i o n s  u n d e r ly in g  th e  
leukem ic  p r o c e s s  and to  b roaden  our knowledge of th e  m e ta b o l ic  e f f e c t s  
o f  p u r in e  and p u r in e  r i b o n u c le o s id e s  i n  human lym phocytes .
CHAPTER I I  
MATERIALS AND METHODS
M a te r i a l s  
Human Lymphocytes
For th e  s t u d i e s  on norm al lym phocy tes , 450 ml sam ples o f  
p e r i p h e r a l  b lood  were c o l l e c t e d  from norm al fem ale  v o l u n te e r s  who had 
f a s t e d  o v e rn ig h t .  Each sam ple  was t r e a t e d  w i th  sodium h e p a r in  a t  th e  
time o f  c o l l e c t i o n .
For th e  s t u d i e s  on CLL lym phocy tes ,  50 ml b lood  sam ples  were 
c o l l e c t e d  from p a t i e n t s  w i t h  c h ro n ic  lym phocy tic  leukem ia  and were 
h e p a r in iz e d .  These p a t i e n t s  had w h i te  b lo o d  c e l l  c o u n ts  v a ry in g  from
15,000 to  400,000 p e r  c u b ic  m i l l i m e t e r .  The p a t i e n t s  were e i t h e r  
u n t r e a te d  f o r  t h e i r  d i s e a s e  o r  had r e c e iv e d  no th e r a p y  w i t h i n  3 months 
p r i o r  to  the  s tu d y .
C e l l  C u l tu re
Sodium h e p a r in  was p u rch a se d  from th e  Upjohn Co. (Kalamazoo, 
M ich ig an ) .  A column packed  w i th  g l a s s  wool (Owens C o rn in g ,  C o rn in g ,
New York) wras used  to  r e s o l v e  lym phocytes from o th e r  w h i te  c e l l s .
During the  lym phocyte i s o l a t i o n  s t e p ,  c e l l s  were suspended  i n  E a g l e ' s  
m inim al e s s e n t i a l  medium (MEM). For c e l l  c u l t u r e ,  McCoy's m o d if ie d  5AB 
medium w i th o u t  s t r e p to m y c in ,  p e n i c i l l i n ,  g lu ta m in e ,  and serum was u sed .
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At th e  t im e o f  i n c u b a t i o n ,  th e  medium was supp lem en ted  w i th  g lu tam in e  
and e i t h e r  a u to lo g o u s  serum o r  f e t a l  c a l f  serum . E a g l e ' s  m inim al 
e s s e n t i a l  medium, m o d if ie d  McCoy's 5AB medium, m edia s u p p le m e n ts ,  and 
t r y p s i n  s o l u t i o n  (0.25%) were a l l  pu rchased  from Grand I s l a n d  
B i o lo g ic a l  Co. (Grand I s l a n d ,  New Y ork). D uring  th e  c e l l - c u l t u r e  
m a n ip u la t io n s ,  a l a m in a r - f l o w  hood (Pure A ire  C o rp . ,  Van Nuys, 
C a l i f o r n i a )  was used  to  re d u c e  c o n ta m in a t io n  by a i r - b o r n e  o rg an ism s .  A 
w a t e r - j a c k e t e d  CO^  i n c u b a t o r  ( N a t io n a l  A p p l ian c e s  C o . ,  C herry  H i l l ,
New J e r s e y )  was used  to  in c u b a te  th e  c e l l  c u l t u r e s .  Bone-dry  g rad e  CO  ^
(Matheson C o . , E a s t  R u th e r f o r d ,  New J e r s e y )  was used to  r e g u l a t e  the  
in c u b a to r  a t  5% CO.) i n  b a la n c e d  a i r .  P h y to h e m a g g lu t in in -P  was pu rchased  
from D ifco  L a b o r a t o r i e s  ( D e t r o i t ,  M ich ig an ) .
P u r in e  and P y r im id in e  B a s e s ,  R ib o n u c le o s id e s  and R ib o n u c le o t id e s
C y t i d in e ,  g u a n in e ,  g u a n o s in e ,  a d e n in e ,  a d e n o s in e ,  and in o s in e  
were p u rch a se d  from Calbiochem  (Los A nge les ,  C a l i f o r n i a ) ,  c y c l i c  AMP 
from Schwarz B io r e s e a rc h  (O rangeburg , New J e r s e y ) ,  and c y c l i c  GMP and 
d i b u t y r y l  c y c l i c  AMP from  B o e h r in g e r  Mannheim Corp. (Mannheim, Germany). 
Thymidine-me thy  1 - % ,  u r i d i n e - 6 - %  and c y c l i c  AMP-^H(G) w ere  pu rchased  
from th e  New England N u c le a r  Corp. (B oston , M a s s a c h u s e t t s ) .  T r i t iu m - 5 -  
c y t i d i n e  was m a n u fa c tu re d  by Amersham S e a r l e  (A r l in g to n  H e ig h ts ,  
I l l i n o i s ) .  T r i t i a t e d  c y c l i c  GMP was p u rch a se d  from Mann R e se a rc h  
L a b o ra to ry  (New Y ork , New Y ork).
O the r  E x p e r im e n ta l  M a te r i a l s  
A l l  common ch em ica l  r e a g e n t s  were p u rch a se d  from Baker 
Chemical Co, ( P h i l l i p s b u r g , New J e r s e y ) .  Q u a n t i t a t i v e  s t u d i e s  on DNA,
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RNA, and p r o t e i n  w ere pe rfo rm ed  w i th  a G i l f o r d  s p e c t ro p h o to m e te r  
( G i l f o r d  In s t ru m e n t  L a b o r a t o r i e s ,  O b e r l i n ,  O h io ) .  P aper  chrom atography 
was p e rfo rm ed  on Whatman p a p e r  No. 1 (C u r t in  S c i e n t i f i c  C o . ,  H ouston , 
T e x a s ) .  U l t r a v i o l e t - a b s o r b i n g  m a t e r i a l  on th e  p a p e r  chromatograms was 
l o c a t e d  w i t h  a  M in e r a l ig h t  UV lamp ( U l t r a - V i o l e t  P r o d u c t s ,  I n c . ,  San 
G a b r i e l ,  C a l i f o r n i a ) .  R a d i o a c t i v i t i e s  w ere  d e te rm in e d  e i t h e r  on a 
Vanguard s t r i p  c o u n te r  (Vanguard I n s t r u m e n t s ,  N o r th  Haven, C o n n e c t ic u t)  
o r  w i th  a l i q u i d  s c i n t i l l a t i o n  c o u n te r  (N uc lea r  C h icago , C hicago , 
I l l i n o i s ) .
Methods 
C e l l  C u l tu re
Lymphocyte i s o l a t i o n  and c u l t u r e  p r o c e d u re  w ith  o r  w i th o u t  
c h em ica l  t r e a t m e n t . P e r i p h e r a l  b lood  lym phocy tes  from norm al fem ale  
donors  and p a t i e n t s  w i th  u n t r e a t e d  CLL were p r e p a r e d  f o r  c u l t u r e s  
a c c o rd in g  t o  th e  p ro c e d u re  o f  A b e l l  e i  a l . (123) , which i s  a m o d if ie d  
method o f  Cooper and Rubin (5 6 ) .  One u n i t  (450 ml) o f  h e p a r in iz e d  
b lo o d  (10 ,000  u n i t s  h e p a r i n / u n i t  b lo o d )  drawn from a f a s t i n g  fem ale  
donor v;as t r a n s f e r r e d  i n t o  s t e r i l e  p l a s t i c  50 ml c e n t r i f u g e  tu b e s  w ith  
t w i s t  c a p s .  The b lood  was a l lo w e d  t o  s e t t l e  f o r  i  hour in  an i n c u b a to r  
a t  37°C. The l e u k o c y t e - r i c h  p lasm a  l a y e r  was s e p a r a te d  and mixed w ith  
an e q u a l  volume o f  E a g l e ' s  m in im al  e s s e n t i a l  medium prewarmed to  37°C.
A p u r i f i e d  lym phocyte  p o p u l a t i o n  was o b ta in e d  by p a s s in g  th e  c e l l  
s u s p e n s io n  th ro u g h  a  g l a s s  wool column. Lymphocytes were s e p a r a te d  
from o t h e r  l e u k o c y te s  due to  th e  s e l e c t i v e  b in d in g  o f  po lym orphonuc lea r  
c e l l s  to  g l a s s  wool. W righ t s t a i n  sm ears  I n d i c a t e d  t h a t  th e  e f f l u e n t  
c o n ta in e d  97-99% lym phocy tes .  S in c e  th e  d i f f e r e n t i a l  co u n ts  o f  th e
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l e u k o c y te s  from p a t i e n t s  w i th  CLL showed lymphocyte coun ts  o f  73% to  
99%, a d d i t i o n a l  r e s o l u t i o n  was c o n s id e r e d  u n n e c e ssa ry .
Lymphocyte p e l l e t s  were o b ta in e d  by c e n t r i f u g a t i o n  a t  280 x g 
f o r  30 m in u te s .  I s o l a t e d  lym phocytes  were re su sp e n d e d  a t  a 
c o n c e n t r a t i o n  o f  2 x 10^ c e l l s  p e r  m i l l i l i t e r  o f  m o d if ied  McCoy's 5AB 
medium, w hich  was supp lem ented  w i th  10% serum and 1% L -g lu ta m in e .  For 
normal lym phocyte  c u l t u r e s ,  a u to lo g o u s  serum was u sed . I t  was o b ta in e d  
by c e n t r i f u g i n g  the  e r y t h r o c y t e  p lasm a  component rem a in in g  i n  th e  tu b e s  
a f t e r  rem ova l  o f  th e  l e u k o c y t e - r i c h  plasm a s u p e r n a t a n t .  The serum was 
a s e p t i c a l l y  w ithdraw n a f t e r  c e n t r i f u g a t i o n  a t  450 x g f o r  30 m in u te s .  
For CLL lym phocyte  c u l t u r e s ,  f e t a l  c a l f  serum was added b e c a u se  n o t  
enough a u to lo g o u s  serum cou ld  be o b t a in e d .  A p r e v io u s  s tu d y  showed 
t h a t  e i t h e r  f e t a l  c a l f  serum o r  a u to lo g o u s  serum cou ld  be u sed  w i th o u t  
a l t e r i n g  th e  DNA s y n t h e t i c  p a t t e r n  o r  e x t e n t  (136).
Im m edia te ly  b e f o r e  u s e ,  PHA (40 pg) was added to  a 2 -ounce  
p r e s c r i p t i o n  b o t t l e  c o n ta in in g  5 ml o f  th e  lymphocyte s u s p e n s io n ,  
p r e p a r e d  as d e s c r ib e d  above. PHA was added to  each  c u l t u r e  b o t t l e  a t  
ze ro  tim e to  s t i m u la t e  c e l l  d i v i s i o n .  The c h em ica l  under  s tu d y  was 
added to  th e  c e l l  c u l t u r e  im m ed ia te ly  t h e r e a f t e r .  The caps w ere l e f t  
on th e  b o t t l e s  lo o s e ly  to  a l lo w  gas  exchange. The lym phocyte c u l t u r e s  
were in c u b a te d  a t  37°C f o r  th e  d e s i r e d  l e n g th  o f  t im e  i n  a  humid 
a tm o sp h e re  o f  5% CO^  i n  b a la n c e d  a i r .
A ssessm ent o f  RNA and DNA s y n t h e s i s . RNA and DNA s y n t h e s i s  
were e s t i m a t e d  by th e  u p ta k e s  o f  t r i t i a t e d  u r id i n e  ( U r - 6 - % ,  10 .4  C i /  
mmole, 2 pG i/m l)  and th ym id ine  Th-Me-^H, 2 .0  Ci/mmole, 2 y C i /m l ) ,  
which w ere  added to  the  c u l t u r e s  2 to  6 h o u r s ,  r e s p e c t i v e l y ,  b e f o r e
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t e r m in a t io n  o f  th e  r e a c t i o n .  The i n c o r p o r a t io n  r a t e  o f  th e  r a d i o a c t i v e  
p r e c u r s o r s  i n t o  n u c l e i c  a c id  was d e te rm in e d  by l i q u i d  s c i n t i l l a t i o n  
s p e c t r o m e tr y ,  as d e s c r ib e d  in  the  n e x t  s e c t i o n .
I s o l a t i o n  and measurement o f  DNA. At th e  end of the  2 -  and 6- 
hour i n c u b a t io n  p e r i o d ,  th e  c e l l s  and m edia were pou red  i n t o  c h i l l e d  
c e n t r i f u g e  tu b e s .  The CLL lym phocytes , in  c o n t r a s t  t o  normal lym phocy tes , 
adhered  somewhat to  the  g l a s s  b o t t l e s  a f t e r  PHA a d d i t i o n  and , t h e r e f o r e ,  
had to  be removed w ith  a 0.25% t r y p s i n  s o l u t i o n  (1 m l) .  T h is  was added 
a f t e r  the  c e l l s  had been  poured o u t  and in c u b a te d  a t  37°C f o r  5 m in u te s .
At t h i s  t im e ,  the  1-ml t r y p s i n  s o l u t i o n  was t r a n s f e r r e d  to  th e  p r o p e r  
c e n t r i f u g e  tu b es  and combined w i th  th e  o r i g i n a l  c e l l  su sp e n s io n  
s o l u t i o n .  The c h i l l e d  c e l l s  and m edia were c e n t r i f u g e d  a t  0°C a t
1,000 X g f o r  10 m in u te s .  The s u p e r n a t a n t  was th en  d e c a n te d .  To the  
c e l l  p e l l e t ,  I ml o f  hypotonic, p h o sp h a te  b u f f e r  s o l u t i o n  (0 .4  mM 
p o ta s s iu m  p h o s p h a te ,  pH 5 .7 ,  and 2 mM magnesium c h l o r i d e )  was added.
The p e l l e t  was re su sp e n d e d  on a V ortex  m ixer and f a s t - f r o z e n  i n  a ce to n e  
and dry i c e .  S ubsequen t p ro ce d u re s  to  remove unwanted c e l l u l a r  
c o n s t i t u e n t s  and u n in c o r p o r a te d  r a d i o a c t i v e  m a t e r i a l  were perform ed a t  
4°C.
B r i e f l y ,  the  p ro c e d u re  was as f o l l o w s .  The c e l l s  were broken 
by f r e e z i n g  and thawing seven  tim es  in  an a c e to n e -d r y  i c e  s o l u t i o n .
The n u c l e i c  a c id s  were p r e c i p i t a t e d  w i th  1 .6  N c o ld  p e r c h l o r i c  a c id .
The tu b es  were th e n  c h i l l e d  f o r  15 m in u te s .  The s t a n d a r d  c e n t r i f u g a t i o n  
between each  a d d i t i o n  o f  s o l u t i o n  was 10 m in u te s  a t  1 ,000  x g ,  a f t e r  
each  c e n t r i f u g a t i o n ,  th e  s u p e r n a t a n t  was d e c a n te d ,  t h e  n e x t  s o l u t i o n  
added , and th e  re su sp e n d e d  p e l l e t s  were d i s p e r s e d  w i th  g l a s s  s t i r r i n g
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ro d s .  The s o l u t i o n s ,  added s e q u e n t i a l l y  in  3-ml a l i q u o t s ,  were 0 .5  N 
PCA (3 t i m e s ) ,  95% e th a n o l ,  c h lo r o f o r m :e t h a n o l : e t h e r  (2 :2 :1 ,V /V ) ,  and 
a c e to n e .  The p e l l e t  o b ta in e d  a f t e r  ace tone  t r e a tm e n t  was d r i e d  a t  60°C 
f o r  30 m in u te s .  A f te rw a rd s ,  th e  p e l l e t  was h y d ro ly z e d  i n  0 .5  ml o f  0 .5  
N PCA a t  90^C f o r  30 m in u te s .
A f t e r  h y d r o l y s i s ,  0 .2  ml o f  th e  h y d r o ly s a te  was added t o  15 ml 
o f  B r a y 's  s o l u t i o n  (137) f o r  c o u n tin g  the  r a d i o a c t i v i t y  in c o r p o r a te d  
i n t o  th e  n u c l e i c  a c id  in  lym phocytes . Another 0 .2  ml o f  th e  h y d r o ly s a t e  
was used to  a s sa y  t o t a l  DNA c o n te n t  by B u r to n 's  d ipheny lam ine  method 
(138). P r e c u r s o r  i n c o r p o r a t i o n  o f  each sample was e x p re s s e d  in  
d i s i n t e g r a t i o n s  p e r  m inu te  (DPMs). DPMs were c a l c u l a t e d  by d i v id i n g  
the  coun ts  p e r  m inu te  (CPMs) by th e  e f f i c i e n c y  o f  th e  c o u n t in g  sy s tem .
By add ing  t r i t i a t e d  w a te r  o f  known r a d i o a c t i v i t y  to  s e v e r a l  sam ples 
a f t e r  the  i n i t i a l  c o u n t in g ,  th e  cou n tin g  e f f i c i e n c y  was d e te rm in e d .
DNA c o n te n t  was b a sed  upon a s ta n d a r d  c a l f  thymus p r e p a r a t i o n .  The 
r e s u l t s  were e x p re s s e d  i n  s p e c i f i c  a c t i v i t i e s ,  i . e . ,  l a b e l e d  p r e c u r s o r  
in c o r p o r a te d  p e r  m icrogram  o f  DNA, T h e r e f o r e ,  th e  measurements o f  th e  
i n c o r p o r a t io n  r a t e s  o f  th e  p r e c u r s o r s  r e f l e c t e d  th e  p r o l i f e r a t i v e  o r  
n u c l e i c  a c id  s y n t h e t i c  phase  o f  th e  c e l l  c y c le  a f t e r  PHA s t i m u l a t i o n .  
Data o b ta in e d  from th e  same expe r im en t  were a l s o  used  t o  q u a n t i t a t e  
d i f f e r e n c e s  due to  v a r i o u s  t r e a t m e n t s ,  such  as  d i f f e r e n t  chem ica l  
a d d i t i o n s .  A l l  d a t a  r e p r e s e n t e d  th e  ave rage  o f  d u p l i c a t e  c u l t u r e s ;  
each  e x p e r im e n t  was perfo rm ed  a t  l e a s t  tw ic e .
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C y t id in e  Deaminase S tudy  i n  Lymphocytes i n  C u l tu re
The p ro c e d u re  f o r  c u l t u r i n g  lym phocytes h a s  been  d e s c r ib e d  
e x t e n s i v e l y  i n  th e  p r e v io u s  s e c t i o n .  B r i e f l y ,  lym phocytes  (10^ c e l l s )  
were in c u b a te d  a t  37°C i n  5 ml McCoy’s 5AB medium w hich  was supp lem ented  
w ith  e i t h e r  10% a u to lo g o u s  serum o r  f e t a l  c a l f  serum  and 1% L -g lu ta m in e .  
PHA (40 y g ) , c y t i d i n e  ( 1 0 " ^ ) ,  u r i d i n e  (1 nM) and 10 yCi c y t i d i n e - 5 - %  
(2 6 .8  Ci/mmole) were added to  th e  lym phocyte c u l t u r e  a t  z e ro  t im e .  
In c u b a t io n  was c a r r i e d  o u t  f o r  v a r i o u s  t im e s .  To t e r m in a t e  th e  
i n c u b a t io n ,  th e  c e l l s  w ere p e l l e t e d  by c e n t r i f u g a t i o n  a t  1 ,000 x g f o r  
10 m in u te s .  Both th e  medium and c e l l  p e l l e t  were sa v ed  f o r  p a p e r  
chrom atography . The c e l l  p e l l e t s  were suspended  i n  0 .5  ml o f  
hom ogenizing pho sp h a te  b u f f e r  s o l u t i o n  ( 0 .4  mM p o ta s s iu m  p h o s p h a te ,  pH 
6 .7 ,  and 2 mM magnesium c h l o r i d e )  and h e a te d  f o r  3 m in u te s  a t  95°C to
d e n a tu re  th e  enzyme. The d e n a tu re d  p r o t e i n  was se d im e n te d  by
c e n t r i f u g a t i o n  a t  1 ,000  x g f o r  10 m in u te s .
D escending p a p e r  chrom atography was used  t o  s e p a r a t e  c y t i d i n e
from i t s  m e t a b o l i t e s .  A u th e n t i c  u n l a b e l e d  c y t i d i n e  ( 0 .2  mM) and 
u r id i n e  (0 .2  mM) were added to  each  0 .2 5  ml o f  th e  c u l t u r e  medium and 
th e  a l i q u o t s  o f  th e  h e a t e d  p r e p a r a t i o n s .  The m ix tu r e s  were a p p l i e d  to  
Whatman No. 1 p a p e r  s t r i p s ,  w hich were deve loped  i n  e i t h e r  o f  two 
s o lv e n t  s y s te m s .  The f i r s t  c o n s i s t e d  o f  i s o b u t y r i c  a c i d ,  c o n c e n t r a t e d  
NH.OH, w a t e r ,  and 0 .1  M EDTA'Nag ( 1 0 0 : 1 3 .3 : 4 6 .7 : 1 .6 ,  V /V ). The second  
c o n s i s t e d  o f  e q u a l  volumes o f  isoam yl a l c o h o l ,  t e t r a h y d r o f u r f u r a l  
a l c o h o l ,  and 0 .0 8  M p o ta s s iu m  c i t r a t e  (pH 3 .0 2 ) .  The v a lu e s  f o r  th e  
f i r s t  s o l v e n t  were c y t i d i n e  = 0 .8 1  and u r i d i n e  = 0 .6 0 ;  f o r  t h e  second  
s o l v e n t ,  th e y  were c y t i d i n e  = 0 .5 2  and u r i d i n e  = 0 .6 5 .  A f t e r
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developm ent o f  th e  p a p e r  chrom atograms i n  e i t h e r  s o lv e n t  f o r  16 h o u r s ,  
th e  pap e r  s t r i p s  were d r i e d  and th e  u l t r a v i o l e t - a b s o r b i n g  m a t e r i a l  was 
l o c a t e d  w ith  an UV lamp equ ipped  w i th  a  s h o r t  w a v e len g th  f i l t e r .  
R a d i o a c t i v i t y  was de te rm ined  on a  Vanguard s t r i p  c o u n te r .  The a r e a  
under  each  peak  on th e  rad ioch rom atog ram  was q u a n t i t a t e d  by c a r e f u l l y  
w eigh ing  th e  t r a c i n g  p a p e r  r e p l i c a  o f  t h a t  peak . Data  o b ta in e d  from 
b o th  s o lv e n t  sy s tem s  were e s s e n t i a l l y  com parab le .
C y t id in e  Deaminase S tudy  i n  Lymphocytes i n  V i t r o  
Lymphocytes (10^ c e l l s )  were in c u b a te d  w ith  o r  w i th o u t  PHA 
(40 ng) f o r  4 h o u rs  under  th e  same c o n d i t i o n s  d e s c r ib e d  above. The c e l l s  
were then  h a r v e s t e d  and homogenized i n  a Dounce hom ogenizer  ( 0 .1  ml of 
hom ogenizing  p h o sp h a te  b u f f e r  s o l u t i o n  p e r  10^ c e l l s )  w i th  40 s t r o k e s .
The c e l l  homogenate was c e n t r i f u g e d  a t  7 ,000  x g f o r  10 m in u te s ,  and 
th e  s u p e r n a t a n t  and p a r t i c u l a t e  f r a c t i o n s  were s e p a r a t e d .  The a ssay  
m ix tu re  c o n s i s t e d  o f  10” 'Sf. c y t i d i n e ,  1 .0  pCi c y t i d i n e - 5 - %  (2 6 .8  C i /  
mmole), 1 nM o f  u r i d i n e ,  and e i t h e r  th e  s u p e r n a t a n t  o r  th e  p a r t i c u l a t e  
f r a c t i o n  o f  10  ^ c e l l s  i n  a f i n a l  volume o f  0 .5  ml. The r e a c t i o n  
m ix tu re  was k e p t  a t  37°C f o r  v a r i o u s  i n c u b a t io n  p e r i o d s .  To s to p  th e  
r e a c t i o n ,  the m ix tu re  was h e a te d  a t  90°C f o r  3 m in u te s .  The methods 
f o r  s e p a r a t i n g  c y t i d i n e  from i t s  m e t a b o l i t e s  and d e te r m in in g  th e  
r a d i o a c t i v i t i e s  i n  each  component were th e  same as  d e s c r ib e d  i n  the  
p r e v io u s  s e c t i o n .  The enzyme a c t i v i t y  was e x p re s s e d  as th e  amount o f  
enzyme r e q u i r e d  to  form 1 nmole o f  u r i d i n e  from c y t i d i n e  i n  th e  
s ta n d a r d  a s s a y  s o l u t i o n  a t  37°C.
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C y c l ic  P h o s p h o d ie s te r a s e  Study i n  Lymphocytes i n  C u l tu re
The e f f e c t s  o f  g u a n in e ,  g u a n o s i n e a n d  c y c l i c  GMP on c y c l i c  
p h o s p h o d ie s te r a s e  a c t i v i t y  in  b o th  norm al and CLL lym phocytes were 
i n v e s t i g a t e d .  The p r o c e d u re s  used  to  i s o l a t e  th e  lym phocytes from 
whole p e r i p h e r a l  b lo o d  sam ples were th e  same as d e s c r ib e d  i n  th e  
p re v io u s  s e c t i o n .  For th e  s tu d y  o f  lym phocytes  i n  c u l t u r e ,  e i t h e r  
g u a n in e ,  g u a n o s in e ,  o r  c y c l i c  GMP a t  c o n c e n t r a t i o n s  o f  10~%  was added 
to  the  c e l l  c u l t u r e  s im u l ta n e o u s ly  w i th  th e  PHA. At th e  end p o i n t  of 
I n c u b a t io n , th e  c e l l s  were p e l l e t e d  by c e n t r i f u g a t i o n  a t  1 ,000 x g f o r  
10 m inu tes  a t  4^C. In  the  normal lym phocyte p r e p a r a t i o n ,  a s u b s t a n t i a l  
amount of e r y t h r o c y t e s  o f t e n  appeared  to  be. p r e s e n t  in  th e  c e l l  p e l l e t .  
H ypotonic  l y s i s  (139) was n e c e s s a ry  to  remove th e  c o n ta m in a t in g  
e r y t h r o c y t e s .  In  th e  CLL lym phocytes p r e p a r a t i o n ,  t h i s  t r e a tm e n t  was 
g e n e r a l l y  o m i t te d .  The c e l l  p e l l e t  was th en  suspended  i n  20 mM 
phospha te  b u f f e r  s o l u t i o n  (50 p i  b u f f e r  s o lu t i o n /1 0 ^  c e l l s ) ,  pH 7 .5 ,  and 
homogenized i n  a Dounce hom ogenizer w i th  40 s t r o k e s  a t  4°C. In  some 
ex p e r im e n ts  (as i n d i c a t e d  i n  R e s u l t s ) ,  th e  whole homogenate was used  
d i r e c t l y  f o r  enzyme a s sa y  and Lowry p r o t e i n  c o n te n t  d e te r m in a t io n  (1 4 0 ) .  
In  o th e r  e x p e r im e n ts ,  a  s u b c e l l u l a r  f r a c t i o n  (1 ,0 0 0  x g f o r  10 m in u te s )  
was used i n s t e a d .  P r o t e i n  c o n c e n t r a t i o n  v a r i e d  from 2 t o  4 mg/ml.
C y c l ic  p h o s p h o d ie s t e r a s e  h as  been  r e p o r t e d  to  be a s t a b l e  
enzyme, w i th  no a p p r e c i a b l e  change i n  a c t i v i t y  a f t e r  s t o r a g e  a t  -20°C 
f o r  months (141 ).  However, our s tu d y  i n d i c a t e s  t h a t  i t  i s  b e s t  t o  u se  
a f r e s h  p r e p a r a t i o n ,  s i n c e  s to r a g e  a t  -4°C f o r  2 days d id  r e s u l t  in  
s u b s t a n t i a l  l o s s  o f  enzyme a c t i v i t y  i n  ou r  c rude  p r e p a r a t i o n .
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C y c l ic  P h o s p h o d ie s te r a s e  Study in  Lymphocytes V i t r o
The k i n e t i c s  o f  c y c l i c  p h o s p h o d ie s te r a s e  i n  b o th  n o n s t im u la te d  
normal and CLL lym phocytes  were s tu d i e d ,  and th e  e f f e c t s  o f  gu a n in e ,  
g u a n o s in e ,  and c y c l i c  GMP on th e  c y c l i c  p h o s p h o d ie s te r a s e  o f  CLL lympho­
c y te s  were i n v e s t i g a t e d .  As d e s c r ib e d  b e f o r e ,  p u re  lym phocyte  p o p u la ­
t i o n s  cou ld  be p re p a re d  e i t h e r  from normal b lood  sam ples o r  from b lood  
o b ta in e d  from CLL p a t i e n t s .  The lym phocytes were suspended  i n  a 20 mM 
p h o sp h a te  b u f f e r  s o l u t i o n ,  pH 7 .5  (50 y l  b u f f e r  s o l u t i o n  p e r  10^ c e l l s )  
and homogenized i n  a Dounce hom ogenizer  w i th  40 s t r o k e s .  E i t h e r  th e  
whole homogenate o r  a s u b c e l l u l a r  f r a c t i o n  was used f o r  th e  enzyme 
a s sa y  and Lowry t e s t .
C y c l ic  P h o s p h o d ie s te ra s e  Assay 
P h o s p h o d ie s te r a s e  was a s sa y e d  by m easu r ing  th e  d i s a p p e a ra n c e  
of c y c l i c  AMP which was c o n v e r te d  to  5 '-AMP. K r ish n a  e t  a l .  (142) 
d e s c r ib e d  a s im p le ,  s e n s i t i v e  method t o  s e p a r a t e  c y c l i c  AMP from 5 '-AMP 
and o t h e r  n u c l e o t i d e s ;  i . e . ,  a l l  n u c l e o t id e s  a r e  p r e c i p i t a t e d  w i th  z in c  
s u l f a t e  and ba rium  h y d ro x id e  t r e a tm e n t .  The p r i n c i p l e  o f  t h i s  method 
i s  t h a t  ATP, a d e n o s in e  d ip h o s p h a te  (ADP), 5 '-AMP, a d e n in e ,  and in o r g a n ic  
pho sp h a te  a r e  q u a n t i t i v e l y  p r e c i p i t a t e d  by th e  a d d i t i o n  of z in c  s u l f a t e  
and barium  h y d ro x id e  s o l u t i o n s ,  w hereas  over  99.9% of t h e  c y c l i c  AMP 
rem ains  i n  th e  s u p e r n a t a n t  f l u i d .  On th e  o t h e r  hand , a d e n o s in e ,  which 
may be d e r iv e d  from  5 '-AMP by th e  a c t i o n  o f  n u c l e o t i d a s e ,  i s  n o t  p r e c i p i ­
t a t e d  by t h i s  t r e a tm e n t .
To p ro v e  th e  v a l i d i t y  o f  t h i s  a s sa y  o f  c y c l i c  phospho­
d i e s t e r a s e ,  i t  was e s s e n t i a l  t h a t  a l l  r a d i o a c t i v i t y  found i n  th e  
s u p e r n a t a n t  f l u i d  o f  mixed z in c  s u l f a t e  and barium  h y d ro x id e  s o l u t i o n
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be a s s o c i a t e d  w i th  c y c l i c  AMP. T hus , th e  m a t e r i a l  was a p p l i e d  to  
Whatman No. 1 f i l t e r  p a p e r  and s u b je c t e d  to  d e sce n d in g  paper  
chrom atography in  two s o lv e n t  sy s te m s .  The f i r s t  c o n s i s t e d  of 
i s o b u t y r i c  a c id ,  c o n c e n t r a te d  NH^OH, w a te r ,  and 0 .1  M EDTA-Na2 (1 0 0 :1 3 .3 :  
4 6 . 7 : 1 . 6 ,  V/V). The second was 95% EtOH and 1 M ammonium a c e t a t e ,  pH 
7 .4  (7 0 :3 0 ,  V/V). Only one s p o t  c o r re s p o n d in g  to  c y c l i c  AMP was found 
on the  paper  chrom atograms. R a d i o a c t iv i t y  on th e  pape r  chromatograms 
was de te rm ined  by a Vanguard s t r i p  c o u n te r .  T h is  expe r im en t  r e v e a le d  
t h a t  a l l  o f  th e  r a d i o a c t i v i t y  on th e  p a p e r  chromatograms was a s s o c i a t e d  
w i th  c y c l i c  AME and t h a t  th e  fo rm a t io n  o f  a d e n o s in e  from 5 ’-AMP by 
n u c l e o t id a s e  was n e g l i g i b l e  in  th e  lymphocyte hom ogenates.
Three s l i g h t l y  d i f f e r e n t  a s sa y  m ix tu re s  were used depend ing  
upon th e  n a tu r e  o f  th e  s t u d i e s .  For in  c u l t u r e  s t u d i e s ,  th e  i n c u b a t io n  
m ix tu re  c o n s i s t e d  of c y c l i c  AMP, 5 x 10“ % ,  c o n ta in in g  about 500,000 
0PM o f  t r i t i a t e d  c y c l i c  n u c l e o t i d e ,  0 .05  M T r is -H C l  b u f f e r ,  pH 8 .1 ,  
magnesium c h lo r i d e  (5 n:M), b ov ine  p lasm a a lbum in  (0.0,15%), and 100 y l  
of th e  c e l l  homogenate (200-400 ug p r o t e i n )  p re p a r e d  as d e s c r ib e d  
e a r l i e r  in  a f i n a l  volume o f  0 .2 5  ml. The i n c u b a t io n  m ix tu re  f o r  i n  
v i t r o  k i n e t i c  s t u d i e s  c o n ta in e d  v a r i o u s  c o n c e n t r a t i o n s  o f  c y c l i c  AMP 
supplem ented  w ith  500,000 DPM of t r i t i a t e d  c y c l i c  n u c l e o t i d e ,  b ov ine  
p lasm a album in (0 .015% ), and 100 y l  of a p h o s p h o d ie s te r a s e  p r e p a r a t i o n  
in  a s o l u t i o n  o f  0 ,05  M T r is -H C l b u f f e r ,  pH 8 .1 ,  and magnesium c h lo r i d e  
(5 mM) i n  a f i n a l  volume o f  0 .25  ml. The t h i r d  m ix tu re ,  u sed  t o  s tu d y  
the  e f f e c t s  of g u a n in e ,  g u a n o s in e ,  c y c l i c  GMP, and t h e o p h y l l i n e  on 
c y c l i c  p h o s p h o d ie s te r a s e  a c t i v i t y  i n  v i t r o , c o n ta in e d  25 yM of  c y c l i c  
AMP w i th  about 100,000 DPM of t r i t i a t e d  c y c l i c  n u c l e o t i d e ,  v a r io u s
c o n c e n t r a t io n s  of th e  compound t e s t e d ,  b ov ine  p lasm a album in (0.015% ),
100 111 of a  p h o s p h o d ie s te r a s e  p r e p a r a t i o n  i n  a s o l u t i o n  of 0 .05  M T r i s -  
HCl b u f f e r ,  pK 8 .1 ,  and magnesium c h lo r i d e  (5 mM) i n  a f i n a l  volume o f  
0 .2 5  ml.
R e a c t io n s  were c a r r i e d  ou t  a t  37°C f o r  30 m in u te s .  A 
p r e l im in a r y  ex p e r im en t  e s t a b l i s h e d  t h i s  to  be th e  o p t im a l  c o n d i t io n .
To s to p  th e  r e a c t i o n ,  th e  a s s a y  m ix tu re s  were h e a te d  i n  a  w a te r  b a th  a t  
95-98°C f o r  60-90 seco n d s .  C o n t ro l  (b lan k )  v a lu e s  were o b ta in e d  by 
r e p l a c i n g  the  enzyme w i th  w a te r .  The h e a te d  r e a c t i o n  m ix tu re s  were 
c e n t r i f u g e d  a t  1 ,000 x g f o r  10 m in u te s  a t  4°C to  p r e c i p i t a t e  th e  
d e n a tu re d  p r o t e i n .  5 ' -AMP i n  th e  s u p e r n a t a n t  f l u i d  was p r e c i p i t a t e d  by 
add ing  0 ,1  ml o f  8% z in c  s u l f a t e  and 0 .1  ml of s a t u r a t e d  barium  
h y d ro x id e .  The barium  s u l f a t e  se d im e n t  was p e l l e t e d  by c e n t r i f u g a t i o n  
a t  1,000 X g f o r  15 m in u te s .  These two s t e p s  were r e p e a te d  tw ic e ;
0 .2  ml each o f  8% z in c  s u l f a t e  and s a t u r a t e d  ba rium  h y d ro x id e  were used  
a t  the second t im e. A f t e r  th e  l a s t  c e n t r i f u g a t i o n ,  0 .2 5  ml o f  th e  
c l e a r  s u p e r n a t a n t  was added t o  15 ml o f  B ra y ’s s o l u t i o n  f o r  co u n tin g  
th e  r a d i o a c t i v i t y  a t t r i b u t e d  to  th e  t r i t i a t e d  c y c l i c  AMP. D isap p ea ran ce  
of t r i t i a t e d  c y c l i c  AMP from th e  s u p e r n a t a n t  f l u i d  was th u s  a  m easure  o f  
p h o s p h o d ie s te r a s e  a c t i v i t y  i n  th e  hom ogenate.
CHAPTER III
RESULTS
E f f e c t s o f  P u r in e  and P y r im id in e  B ases ,  R ib o n u c le o s id e s ,  
and R ib o n u c le o t id e s  on N u c le ic  Acid S y n th e s i s  in  
Bo th  Normal and CLL Lymphocyte C u l tu re s  
The s t o d i e s  r e p o r t e d  i n  t h i s  s e c t i o n  were d e s ig n e d  (a) to  
c on f irm  L u c a s 's  o b s e r v a t io n  (5 9 ,6 0 )  o f  th e  i n h i b i t o r y  e f f e c t  o f  c y t i d i n e  
on u r id in e -^ H  i n c o r p o r a t i o n  i n t o  RNA i n  norm al lym phocy tes ,  (b) to  
examine th e  e f f e c t s  o f  c y t i d i n e  on n u c le o s id e -^ H  i n c o r p o r a t i o n  i n t o  
n u c l e i c  a c id  i n  CLL ly m p h o c y te s ,  and (c )  to  i n v e s t i g a t e  f u r t h e r  o th e r  
b a s e s ,  r i b o n u c l e o s i d e s ,  and r i b o n u c l e o t i d e s  which s p e c i f i c a l l y  i n h i b i t  
n u c l e i c  a c id  s y n t h e s i s  i n  CLL lym phocy tes .
C e l l s  were m a in ta in e d  u n d e r  c u l t u r e  c o n d i t io n s  in  t h e  p re s e n c e  
o r  ab sence  o f  c y t i d i n e  o r  o t h e r  chem ica ls  as d e s c r ib e d  i n  Methods. 
T r i t i a t e d  u r i d i n e  (Ur-^H) o r  th y m id in e  (Th--%) was in c u b a te d  w i th  th e s e  
c e l l s  f o r  2 o r  6 h o u r s ,  r e s p e c t i v e l y ,  to  a s s e s s  th e  p r o l i f e r a t i v e  
c a p a b i l i t y  o f  th e  lym phocytes  i n  c u l t u r e .  F ig u re  1 shows th e  r a t e  o f  
U r - %  i n c o r p o r a t io n  i n t o  RNA i n  P H A -stim ula ted  no rm al and CLL 
lym phocytes  w i th  o r  w i th o u t  th e  a d d i t i o n  o f  c y t i d i n e  o r  g u a n o s in e .  The 
p re s e n c e  o f  10“ %  c y t i d i n e  d e p re s s e d  th e  up take  o f  U r -%  i n  b o th  norm al 
and CLL lym phocytes to  l e s s  th a n  17% o f  th e  c o n t r o l  l e v e l s .  In  
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F i g u r e  1 -  RNA S y n t h e s i s  i n  P H A -s t im u la te d  Normal (lA) and CLL (IB) Lymphocyte C u l t u r e s  w i th  
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F i g u r e  2 -  DNA S y n t h e s i s  i n  P H A -s t im u la te d  Normal (2A) and CLL (2B) Lymphocyte C u l t u r e s  w i t h  
C y t i d in e  and G uanos ine  A d d i t io n s  a t  C o n c e n t r a t i o n s  o f  10“^M
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F ig u re  3 -  The P e rc e n t  I n h i b i t i o n  o f  N u c le ic  Acid S y n th e s i s  i n  



























F ig u re  4 -  The P e rc e n t  I n h i b i t i o n  o f  N uc le ic  Acid S y n th e s i s  i n  
CLL Lymphocyte C u l t u r e s  by V ar ious  C o n c e n t ra t io n s  o f  G uanosine
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t h e  u p ta k e  o f  U r - %  i n t o  RNA in  n o rm al lym phocy tes ,  b u t  i t  d id  red u c e  
the  U r - %  i n c o r p o r a t i o n  t o  l e s s  th a n  5% o f  th e  c o n t r o l  l e v e l  i n  CLL 
lym phocy tes .
The i n h i b i t i o n  by c y t i d i n e  and guan o s in e  was f u r t h e r  examined 
by s tu d y in g  t h e i r  e f f e c t s  on th e  r a t e  o f  Th-%. i n c o r p o r a t i o n  i n t o  DNA in  
no rm al and CLL lym phocytes (F ig u re  2 ) .  C y t id in e  (10“ % )  had no e f f e c t  
on Th-^H i n c o r p o r a t i o n  i n t o  DNA in  norm al lym phocy tes .  In  CLL 
ly m p h o c y te s ,  c y t i d i n e  (10"^M) d id  i n h i b i t  Th-^H i n c o r p o r a t i o n  i n t o  DNA 
t o  a s m a l l  o r  m odera te  e x t e n t .  F ig u re  2 a l s o  i l l u s t r a t e s  t h a t  guanosine  
(iO ~‘% )  had no e f f e c t  on T h -%  i n c o r p o r a t i o n  i n t o  DNA i n  norm al 
ly m p h o c y te s ,  b u t  in  CLL lym phocytes i t  reduced  DNA s y n t h e s i s  a lm o s t  
c o m p le te ly .  F ig u re s  1 and 2 i l l u s t r a t e  th e  s i m i l a r  e f f e c t s  o f  c y t i d i n e  
on n u c l e i c  a c id  s y n t h e s i s  i n  b o th  no rm a l and CLL lym phocy tes .  However, 
w h i l e  guanos ine  e x e r t e d  a d i s t i n c t  i n h i b i t o r y  e f f e c t  on b o th  RNA and 
DNA s y n t h e s i s  in  CLL lym phocy tes ,  i t  had e s s e n t i a l l y  no e f f e c t  in  
norm al ly m p h o cy te s .
The e f f e c t s  o f  v a r io u s  p h y s io l o g i c  c o n c e n t r a t i o n s  o f  c y t i d i n e  
and gu a n o s in e  on t r i t i a t e d  n u c l e o s i d e  i n c o r p o r a t i o n  w ere  s t u d i e d  w i th  
CLL lym phocy tes .  C y t i d in e ,  a t  c o n c e n t r a t i o n s  r a n g in g  from 10“ 5m to  
1 0 " % ,  red u ced  T h - %  i n c o r p o r a t i o n  much l e s s  th a n  Ur-^H i n c o r p o r a t i o n  
(F ig u re  3 ) .  M oreover, c y t i d i n e  a t  v a r i o u s  c o n c e n t r a t i o n s  e x h i b i t e d  a 
h y p e r b o l i c  p a t t e r n  o f  i t s  i n h i b i t o r y  e f f e c t  on b o th  U r - %  and T h -%  
in c o r p o r a t i o n  i n t o  RNA and DNA i n  CLL ly m p h o cy te s ,  i n d i c a t i n g  t h a t  a 
s im p le  f i r s t - o r d e r  mechanism was in v o lv e d .
The e x t e n t  t o  which g u a n o s in e  i n h i b i t e d  b o th  U r - %  and T h -%  
in c o r p o r a t i o n  was com parab le  ( F ig u re  4 ) .  However, th e  n o n - h y p e r b o l ic
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p a t t e r n  o f  i n h i b i t i o n  s u g g e s t s  h ig h e r  o r d e r  e f f e c t s  r a t h e r  th an  s im ple  
c o m p e t i t iv e  i n h i b i t i o n .
S in ce  guanos ine  was found t o  i n h i b i t  Ur-^H and Th-^H up take  
s p e c i f i c a l l y  in  CLL ly m p h o c y te s ,  f u r t h e r  e x p e r im e n ts  were u n d e r ta k en  to  
examine some of the  c l o s e l y  r e l a t e d  compounds ( e . g . ,  g u a n in e ,  a d e n in e ,  
a d e n o s in e ,  i n o s i n e ,  c y c l i c  GMP, and d i b u t y r y l  c y c l i c  AlIP). The c u l t u r e  
c o n d i t i o n s  and the  e x p e r im e n ta l  scheme were th e  same as d e s c r ib e d  i n  
M ethods. The r e s u l t s  a r e  summarized i n  T ab le  1, At th e  same 
c o n c e n t r a t i o n  (10” ^M), a d e n o s in e  f a i l e d  t o  i n h i b i t  n u c le o s id e  up take  in  
e i t h e r  norm al o r  CLL ly m phocy te s .  Both a d e n in e  and in o s in e  had no e f f e c t  
on norm al c e l l s  and only  a m odera te  i n h i b i t o r y  e f f e c t  on CLL c e l l s .  
However, g u a n in e ,  c y c l i c  GMP and d i b u t y r y l  c y c l i c  AMP e x h i b i t e d  
e s s e n t i a l l y  th e  same e f f e c t  a s  g u a n o s in e ,  i . e .  , t h e y  red u c e d  th e  U r -%  
and Th-^H I n c o r p o r a t io n  a lm os t  com p le te ly  in  CLL lym phocytes  w i th o u t  
a f f e c t i n g  n u c le o s id e  i n c o r p o r a t i o n  i n  norm al lym phocy tes .
The o b s e r v a t io n  t h a t  d i b u t y r y l  c y c l i c  AMP i n h i b i t e d  CLL 
lym phocyte  p r o l i f e r a t i o n  was c o n s i s t e n t  w i th  Ryan and H e i d r i c k ’ s r e p o r t s  
(119 ,120) on i n h i b i t i o n  o f  c e l l  growth by c y c l i c  AMP and i t s  d i b u t y r y l  
d e r i v a t i v e .  A p r e v io u s  s tu d y  (123) i n d i c a t e d  t h a t  d i b u t y r y l  c y c l i c  AMP 
i n h i b i t e d  DNA s y n t h e s i s  i n  CLL c e l l s  two t o  fo u r  t im e s  more th an  c y c l i c  
AMP. T h is  r e s u l t  a g re e d  w e l l  w i th  o t h e r  o b s e r v a t io n s  on b lo o d  g lu co se  
l e v e l  (1 4 3 ) ,  s t i m u l a t i o n  o f  l i p o l y s i s  (1 4 4 ) ,  and am ylase  s e c r e t i o n  in  
r a t  p a r o t i d  c e l l s  (1 4 5 ) ,  T h is  g r e a t e r  a c t i v i t y  o f  th e  d i b u t y r y l  
d e r i v a t i v e  i s  g e n e r a l l y  a s c r i b e d  to  i t s  r e s i s t a n c e  t o  h y d r o ly s i s  by 
p h o s p h o d ie s te r a s e  and t o  i n c r e a s e d  p e n e t r a t i o n  o f  th e  c e l l .  T h e r e f o r e ,  
the  s e n s i t i v i t y  o f  th e  CLL lym phocytes  to  d i b u t y r y l  c y c l i c  AMP was 
i n t e r p r e t e d  as a r e s u l t  o f  i n c r e a s e d  i n t r a c e l l u l a r  c y c l i c  AMP.
4L
TABLE 1
EFFECTS OF BASES, RIBONUCLEOSIDES, AMD CYCLIC RIBONUCLEOSIDE 
MONOPHOSPHATES ON NUCLEIC ACID SYNTHESIS IN 
NORMAL AND CLL LYMPHOCYTES
Compound




T h -%  I n c o r p .  
DPM/yg DNA %
None 46,500 100 39,000 100
C y t ld in e  (1 0 "% ) 7,700 17 36,000 92
Guanosine (IO~'^M) 47,600 102 38,000 97
None 17,123 100 20,819 100
Adenosine (IO~^M) 16,993 99 46,602 224
Guanine (10"^M) 24,860 145 32,009 154
In o s in e  (10“ % ) 16,059 94 31,611 152
None 20,318 100 50,250 100
Adenine (10“ % ) 21,700 107 52,400 104
C y c l ic  GMP (10“ % ) 24,000 118 58 ,108 116
None 46,500 100 39,000 100
D ib u ty ry l  C y c l ic  
AMP (10“ % )
IPT (10“ % )
30,000 64 28,500 73
40,000 86 36,000 92
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TABLE 1
EFFECTS OF BASES, RIBONUCLEOSIDES, AND CYCLIC RIBONUCLEOSIDE 
MONOPHOSPHATES ON NUCLEIC ACID SYNTHESIS IN 
NORMAL AND CLL LYMPHOCYTES -  CONT'D
Compound




Th-^H I n c o r p .  
DPM/ug DNA %
None 23,400 100 74,400 100
C y t ld in e  (10~% ) 1,100 5 39,500 53
Guanosine (10“ ^M) 150 0 .5 2 ,680 3
None 13,300 100 69,600 100
Adenosine (10“ ^M) 15,428 116 90 ,480 130
Guanine (10~% ) 240 2 2 ,500 4
In o s in e  (10~% ) 9,300 70 60 ,000 86
None 12,000 100 30,000 100
Adenine (10~^M) 6,800 57 12,000 40
C y c l ic  CMP ( lQ -% ) 1,250 10 5 ,2 0 0 17
None 40,000 100 65 ,000 100
D ib u ty ry l  C y c l ic  
AMP (10“ % )
300 0 .8 1 ,400 2
IPT (10” % ) 3 ,600 9 40,000 61
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C y t ld in e  Deaminase A c t i v i t y  i n  Both 
Normal and CLL Lymphocytes 
P re v io u s  s t u d i e s  (5 9 ,6 0 ,6 2 )  have shown t h a t  u r i d i n e  
i n c o r p o r a t i o n  i n t o  RNA i s  l i m i t e d  by th e  r a t e  o f  p h o s p h o ry la t io n  of 
u r i d i n e  by u r i d i n e  k i n a s e .  T h e r e f o r e ,  th e  reduced  u r i d i n e  i n c o r p o r a t io n  
i n t o  RNA by c y t l d i n e  was e x p la in e d  as e n d -p ro d u c t  i n h i b i t i o n  o r  
r e p r e s s i o n  o f  u r i d i n e  k i n a s e  by c y t l d in e  o r  i t s  p h o s p h o ry la te d  
d e r i v a t i v e s  (5 9 ) .  S tu d ie s  by Kay e(^ (146) d e m o n s tra ted  t h a t  RNA
s y n t h e s i s  in  PH A -stim ula ted  normal lym phocytes i s  o b l ig a to r y  f o r  th e  
o n s e t  o f  DNA s y n t h e s i s .  S ince  c y t l d in e  m arkedly  d e p re s s e d  Ur-^H 
i n c o r p o r a t i o n ,  RI4A must be s y n th e s iz e d  by  an a l t e r n a t e  method, p o s s i b l y  
by the  de novo pathw ay. U n f o r tu n a t e ly ,  s t u d i e s  u s in g  a s p a r t i c  a c id  
d e m o n s t ra te d  l im i t e d  u p ta k e  o f  t h i s  p r e c u r s o r  (T a b le  2 ) .  C o n se q u e n tly ,  
i t  d id  n o t  v e r i f y  the  i n c r e a s e d  u t i l i z a t i o n  o f  th e  ^  novo s y n t h e t i c  
pathway f o r  th e  p y r im id in e  n u c l e o t i d e s .  However, a p o t e n t i a l l y  
c o m p e t i t iv e  r e a c t i o n ,  namely th e  d e a m in a t io n  o f  c y t l d i n e  to  u r i d i n e ,  
was n o t  m easured . The c o n v e rs io n  o f  c y t l d i n e  to  u r i d i n e  i s  c a t a ly z e d  
by c y t l d i n e  deam inase ,  an enzyme which i s  u b i q u i t o u s  i n  b a c t e r i a l  c e l l s  
(1 4 7 ,1 4 8 ) ,  a v ia n  c e l l s  (1 4 9 ) ,  mammalian c e l l s  ( 1 4 8 ,1 5 0 ) ,  and v i r u s -  
induced  t i s s u e  c u l t u r e  l i n e s  (151). I n  t h i s  s t u d y ,  we d e m o n s tra ted  
the  p re s e n c e  o f  c y t l d i n e  deam inase in  human lym phocy tes .  We p r e s e n te d  
e v id e n c e  s u g g e s t in g  t h a t  a t  l e a s t  p a r t  o f  th e  i n h i b i t o r y  e f f e c t  of 
c y t l d i n e  on u r i d i n e  i n c o r p o r a t i o n  r e s u l t s  from d i l u t i o n  o f  th e  r a d i o ­
a c t i v e  u r i d i n e  p o o l  by c o ld  u r i d i n e  d e r iv e d  from enzym atic  d e a m in a t io n  
of c y t l d i n e .
The p re s e n c e  of c y t l d i n e  deam inase  in  norm al lym phocytes i n  
c u l t u r e  i s  i l l u s t r a t e d  i n  F ig u re  5. The a p p e a ra n c e  o f  u r i d i n e  was
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TABLE 2
INCORPORATION OF PYRIMIDINE NUCLEOTIDE PRECURSORS 
INTO RNA OF CLL LYMPHOCYTES
C o n d i t io n ^ ^ C -A sp a r t ic  Acid % - U r id in e
(DPM/ug DNA) (DPM/yg DNA)
PHA (Day 3) 13 1,102
PHA (Day 6) 35 10,800
PHA + C y t ld in e  
(Day 3)
(10-4%) 15 164
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F i g u r e  5 -  C o n v e r s io n  o f  C y t i d in e  i n t o  U r id in e  i n  Normal Lymphocyte C u l t u r e s
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a s se s s e d  in  b o th  c e l l  f r a c t i o n s  and medium f r a c t i o n s  o f  th e  lymphocyte 
c u l t u r e s .  A pproxim ately  90% o f  th e  c y t i d in e  was c o n v e r te d  i n t o _ 
u r id i n e  w i t h in  4 h o u r s .  Complete d e am ina t ion  was observed  w i t h i n  24 
h o u rs .  At th e  end o f  24 ho u rs  o f  i n c u b a t io n ,  42% of  th e  r a d i o a c t i v i t y  
was rec o v e red  in  n u c l e o t id e s  and p o ly n u c l e o t i d e s .  The r a t e  o f  u r i d i n e  
p ro d u c t io n  i n  the  m edia , how ever, was s l i g h t l y  s lo w e r  th an  t h a t  i n  th e  
c e l l s .  Th is  phenomenon cou ld  p o s s i b l y  be due to  a "membrane b a r r i e r " ,  
p r e v e n t in g  f r e e  exchange o f  c y t i d i n e  and u r i d i n e  th rough  th e  c e l l  
membrane.
F ig u re  6 shows th e  fo rm a t io n  o f  u r i d i n e  from c y t i d i n e  i n  b o th  
the  c e l l  f r a c t i o n s  and medium f r a c t i o n s  of CLL lymphocyte c u l t u r e s .  
During a 2 -hour  in c u b a t io n  p e r i o d ,  90% of  th e  c y t i d i n e  was deam inated  
i n to  u r i d i n e ;  com ple te  c o n v e rs io n  was reached  w i t h in  4 h o u r s .  The 
de am ina t ion  o f  c y t i d i n e  o c c u r re d  much f a s t e r  in  CLL lym phocytes th a n  in  
normal lym phocytes (T ab le  3 ) .  T h is  o b s e rv a t io n  s u g g e s t s  t h a t  CLL 
lymphocytes p o s s e s s  e i t h e r  more o f  the. same c y t i d i n e  deam inase  o r  a 
d i f f e r e n t  c y t i d i n e  deam inase w i th  h ig h e r  a c t i v i t y .  The r a t e  o f  u r i d i n e  
p ro d u c t io n  observed  i n  th e  m edia  o f  the  CLL c e l l  c u l t u r e s ,  how ever , was 
much s low er  th a n  t h a t  i n  th e  m edia  o f  th e  norm al c e l l  c u l t u r e s .  T h is  
phenomenon cou ld  be e x p la in e d  by d i f f e r e n c e s  i n  membrane p e r m e a b i l i t y  
between norm al and CLL lym phocy tes .
C y t id in e  deam inase  was f u r t h e r  s tu d i e d  v i t r o  i n  b o th  no rm al 
and CLL lym phocytes . C y t id in e  deaminase was found i n  b o th  th e  
s u p e r n a t a n t  and p a r t i c u l a t e  f r a c t i o n s  (7 ,000  x g f o r  10 m in u te s )  o f  th e  
c e l l  homogenates from b o th  no rm al and CLL lym phocytes p r e in c u b a te d  w i th  
or w i th o u t  Pil/v. F ig u re  7A shows t h a t  i n  th e  s u p e r n a t a n t  f r a c t i o n s  of
a.





F i g u r e  6 -  C o n v e rs io n  o f  C y t i d in e  i n t o  U r id in e  i n  CLL Lymphocyte C u l t u r e s
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TABLE
CONVERSION OF CYTIDINE INTO URIDINE IN NORITAL AND 
CLL LYMPHOCYTE CULTURES
N-L
S u b s tan ce I n c u b a t io n % C y t id in e % U r id in e
Assayed Time Remaining Formed
C e l l s 0 t im e 96 4
10 min. 73 27
1 h r . 39 61
2 h r . 23 77
4 h r . 3 97
7 h r . 0 >99
I day 0 *58
Media 0 tim e 96 4
10 min. 69 31
1 h r . 67 33
2 h r . 59 41
h h r . 48 52
7 h r . 0 >99
1 day 0 >99
^A pproxim ate ly 42% o f  th e  r a d i o a c t i v i t y was found in n u c l e o t i d e s  and
p o ly n u c le o t id e s
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TABLE 3
CONVERSION OF CYTIDINE INTO URIDINE IN NORMAL AND 




I n c u b a t io n
Time
% C y t id in e  
Remaining
X U r id in e  
Formed
C e l ls
Media
0 tim e 100 0
10 min. - -
1 h r . 92 8
2 h r . 0 >99
4 h r . 0 >99
7 h r . 0 >99
1 day 0 >99
0 t im e 96 4
10 min. — -
1 h r . 94 6
2 h r . 92 8
4 h r . 90 10
7 h r . 92 8
1 day 12 88
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e i t h e r  PH A -stim ula ted  o r  n o n s t im u la te d  no rm al lym phocytes (Curve a  and 
b , r e s p e c t i v e l y ) , 100% o f  th e  o r i g i n a l  c y t i d i n e  was c o n v e r te d  i n t o  
u r i d i n e  w i th in  a 1 -hour in c u b a t io n  p e r i o d .  In  th e  p a r t i c u l a t e  
f r a c t i o n s  o f  th e  same c u l t u r e s  (Curve c and d r e f e r r i n g  to  PHA- 
s t i m u la t e d  and n o n s t im u la te d  norm al ly m p h o c y te s ) ,  a p p ro x im a te ly  20% and 
40% o f  c y t i d i n e  was deam inated  w i t h i n  1 and 2 h o u rs  o f  i n c u b a t io n ,  
r e s p e c t i v e l y .  F ig u re  7B i l l u s t r a t e s  t h a t  i n  CLL lymphocyte c u l t u r e s ,  
th e  s u p e r n a t a n t  f r a c t i o n s  o f  e i t h e r  th e  P H A -stim ula ted  o r  n o n s t im u la te d  
lymphocyte homogenates ( e x p re s se d  i n  Curve a and b , r e s p e c t i v e l y )  
d e m o n s t ra te d  t h a t  a t  l e a s t  90% o f  th e  o r i g i n a l  c y t i d i n e  was c o n v e r te d  
i n t o  u r i d i n e  w i th in  3 ho u rs  o f  i n c u b a t i o n ,  whereas i n  th e  p a r t i c u l a t e  
f r a c t i o n s  o f  the  s t im u la te d  (Curve c) and n o n s t im u la te d  (Curve d) c e l l  
hom ogenates , 10% and 25% of th e  o r i g i n a l  c y t i d i n e  w ere  deam ina ted ,
r e s p e c t i v e l y ,  w i t h in  th e  same i n c u b a t io n  p e r i o d .
In  summary th e n :  (a)  deam inase  a c t i v i t y  p redom ina ted  i n  th e
s u p e r n a t a n t  f r a c t i o n ;  th e  sm a l l  amount o f  a c t i v i t y  obse rved  i n  th e  
p a r t i c u l a t e  f r a c t i o n  was p ro b a b ly  due to  c o n ta m in a t io n  from th e
s u p e r n a t a n t ,  (b) PHA had l i t t l e  o r  no e f f e c t  on e i t h e r  th e  r a t e  o r  th e
e x t e n t  o f  c y t i d in e  deam inase a c t i v i t y ,  and (c)  th e  a c t i v i t y  o f  c y t i d i n e  
deam inase  in  CLL lym phocytes was e s s e n t i a l l y  com parable  to  t h a t  i n  th e  
norm al lym phocytes;  i n  c o n t r a s t  to  th e  p r e v io u s  o b s e r v a t io n  o f  c y t i d i n e  
deam inase  i n  c u l t u r e ,  how ever, t h e  d e a m in a t io n  i n  v i t r o  o c c u r re d  





















































































F ig u re  7 -  The v i t r o  S tudy  o f  C y t ld in e  Deaminase i n  Normal 
(7A) and CLL (7B) Lymphocytes
a. S u p e rn a ta n t  F r a c t io n  from P H A -stim ula ted  Lymphocytes
b. S u p e r n a ta n t  F r a c t io n  from N o n s t im u la te d  Lymphocytes
c. P a r t i c u l a t e  F r a c t i o n  from P H A -stim ula ted  Lymphocytes
d. P a r t i c u l a t e  F r a c t io n  from N o n s t im u la te d  Lymphocytes
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C y c l ic  AMP P h o s p h o d ie s te ra s e  A c t i v i t y  in  Both Normal and 
CLL Lymphocytes P r e in c u b a te d  w i th  Guanine,
Guanosine and C y c l ic  GMP 
Many r e p o r t s  in  the  l i t e r a t u r e  have i n d ic a te d  t h a t  h igh  
c o n c e n t r a t io n s  o f  c y c l i c  GMP c o n s i s t e n t l y  i n h i b i t  c y c l i c  AMP 
p h o s p h o d ie s te r a s e  (152-156) and th u s  i n c r e a s e  th e  c e l l u l a r  c o n te n t  of 
c y c l i c  AMP (154).  Johnson and A b e l l ’s (123) i n v e s t i g a t i o n  on th e  
i n h i b i t o r y  e f f e c t  o f  IPT and d i b u t y r y l  c y c l i c  AMP on lymphocyte DNA 
s y n t h e s i s  s t r o n g l y  suggests  t h a t  c y c l i c  AMP i s  in v o lv e d  i n  lym phocyte 
p r o l i f e r a t i o n .  F u r th e rm o re ,  Ram sden 's (157) r e p o r t  t h a t  g u a n o s in e  and 
guanine  p a r t i a l l y  i n h i b i t  th e  enzymic h y d r o l y s i s  of c y c l i c  AMP le d  us 
to  e x p lo r e  th e  p o s s i b i l i t y  t h a t  i n  CLL lym phocy tes ,  g u a n in e ,  g u a n o s in e ,  
and c y c l i c  GMP may a c t  th ro u g h  th e  c y c l i c  p h o s p h o d ie s te r a s e  and a l t e r  
i n t r a c e l l u l a r  c y c l i c  AMP l e v e l ,  u l t i m a t e l y  r e s u l t i n g  i n  th e  i n h i b i t i o n  
o f  n u c l e i c  a c id  s y n t h e s i s .
C y c l ic  AMP p h o s p h o d ie s t e r a s e  was a ssa y e d  i n  d i f f e r e n t  
p r e p a r a t i o n s  o b ta in e d  from e i t h e r  no rm al  o r  CLL lymphocyte c u l t u r e s .  
F ig u re s  8 and 9 show th e  r a t e  o f  c y c l i c  AMP h y d r o ly s i s  i n  lym phocyte 
homogenates as  a f u n c t io n  o f  i n c u b a t io n  t im e and p r o t e i n  c o n c e n t r a t i o n .  
These r e s u l t s  i n d i c a t e  t h a t  th e  r a t e  o f  d e g ra d a t io n  o f  c y c l i c  AMP i s  
l i n e a r  w i th  r e s p e c t  to  b o th  t im e and enzyme c o n c e n t r a t io n .
An ex p e r im en t  was c a r r i e d  o u t  i n  w hich th e  c y c l i c  AMP 
p h o s p h o d ie s te r a s e  was p re p a re d  from norm al lymphocyte c u l t u r e s  t r e a t e d  
w ith  guan ine  (1G” % ) ,  guan o s in e  (10“ ^M), o r  c y c l i c  GMP (10~^M) ove r  a 
p e r io d  o f  2 to  3 days .  D ata  i l l u s t r a t e d  in  T ab le  4 d e m o n s t ra te  t h a t  
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F ig u re  8 -  C y c l ic  AMP P h o s p h o d ie s te ra s e  A c t i v i t y  o f  Human Lympho­











F ig u re  9 -  C y c l ic  AMP P h o s p h o d ie s te r a s e  A c t i v i t y  i n  Crude Homo- 
g e n a te  o f  Human Lymphocytes As A F u n c t io n  o f  Time
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th e  a c t i v i t y  o f  c y c l i c  p h o s p h o d ie s te r a s e  i n i t i a l l y .  However, th e  enzyme 
e x h ib i t e d  th e  same l e v e l  as  th e  c o n t r o l  a f t e r  a  lo n g e r  in c u b a t io n  w ith  
guan ine .  Normal lym phocytes  p r e in c u b a te d  w ith  gu a n o s in e  c o n ta in e d  tw ice  
a s  much a c t i v i t y  as  t h e  c o n t r o l  c e l l s  on Day 2 ,  a l th o u g h  th e  a c t i v i t y  
d e c re a sed  and was a b o u t  1 .5  t im es  above t h a t  o f  th e  c o n t r o l  c e l l s  on 
Day 3. C y c l ic  GMP had  a v e ry  s l i g h t  s t i m u la to r y  e f f e c t  on th e  
p h o s p h o d ie s te r a s e  a c t i v i t y  i n  norm al c e l l s .  I n c r e a s e s  o f  23% and 20% 
in  enzyme a c t i v i t y  w ere  o b ta in e d  by norm al c e l l  c u l t u r e  w i th  c y c l i c  GMP 
t re a tm e n t  f o r  2 and 3 d a y s ,  r e s p e c t i v e l y .
The e f f e c t s  o f  g u a n in e ,  g u a n o s in e ,  and c y c l i c  GMP were a ls o  
s tu d ie d  in  CLL ly m p h o c y te s .  In  th e  f i r s t  c a s e ,  lym phocytes  were 
o b ta in e d  from a p a t i e n t  w i t h  a w h i te  b lood  c e l l  (WBC) coun t  o f  48 x 10^/ 
mm'. R e s u l t s  shown in  T ab le  5 i l l u s t r a t e  t h a t  CLL lym phocytes  in  
c u l t u r e  t r e a t e d  w i th  10" '^M guan ine  f o r  3 and 5 days c o n ta in e d  87% and 
77% of th e  c y c l i c  p h o s p h o d ie s t e r a s e  a c t i v i t y ,  r e s p e c t i v e l y .  CLL 
lym phocytes t r e a t e d  w i t h  lO^^M guanos ine  f o r  3 and 5 days c o n ta in e d  91% 
and 88% of th e  enzyme a c t i v i t y ,  r e s p e c t i v e l y ,  T re a tm e n t  o f  CLL 
lym phocytes w i th  10~%  c y c l i c  GMP, how ever, p roduced  a  s l i g h t  
s t i m u la to r y  e f f e c t  on c y c l i c  p h o s p h o d ie s t e r a s e .  I n c r e a s e s  of 50% and 
25% in  enzyme a c t i v i t y  were obse rved  i n  t h e s e  c u l t u r e s  on Days 3 and 5 ,  
r e s p e c t i v e l y .
A second c a se  o f  CLL w ith  a WBC count o f  280 x 10^/mm^ was 
a l s o  i n v e s t i g a t e d .  As shown i n  T ab le  6 , marked i n h i b i t i o n  was 
obse rved  i n  a l l  c u l t u r e s  t r e a t e d  w i th  g u an in e  (10“ ^M), g u a n o s in e  (10“ % ) ,  
o r  c y c l i c  GMP (10~%I). Lymphocytes c u l t u r e d  f o r  3 days showed 23%,
5%, and 13% o f  c y c l i c  AMP p h o s p h o d ie s te r a s e  a c t i v i t y  c o r re s p o n d in g  to
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TABLE A
CYCLIC AMP PHOSPHODIESTERASE ACTIVITY IN NORMAL 
LYMPHOCYTES CULTURED WITH GUANINE (10-^M), 
GUANOSINE AND CYCLIC GMP (1Q-Am)
P r e - t r e a tm e n t  
o f  C e l l  C u l tu re
C y c l ic  AMP-% Hydrolyzed 
nmoles/mg p r o t e i n / 3 0  m in u te s
Day 2
% of
A c t iv i t y Day 3
% of 
A c t i v i t y
PHA (c o n t ro l} 14 .8 100 16.8 100
PHA + Guanine. (10” ^M) 3 .0 20.3 16.6 98 .8
PHA + Guanosine (10~'^M) 33.2 224.3 27 .4 163.1
PHA + C y c l ic  GMP ( 1 0 -% ) 18.2 122.9 20.2 120.2
57
TABLE 5
CYCLIC AMP PHOSPHODIESTERASE ACTIVITY IN LYMPHOCYTES FROM 
A CLL PATIENT WITH A MEDIUM PERIPHERAL LEUKOCYTE 
COUNT (48 X 103/mm3) CULTURED WITH GUANINE 
(10-4 m) ,  guanosine ( I0 “ ^M) or 
CYCLIC GMP (10-4%)
P r e -c r e a tm e n t  
o f  C e l l  C u l tu re
C y c l ic  AMP-^H H ydro lyzed  
nmoles/mg p r o t e i n / 3 0  m in u tes
Day 3
% of
A c t i v i t y Day 5
% of  
A c t i v i t y
PHA ( c o n t r o l ) 20 .8 100 23 .9 100
PHA + Guanine (10-4%) 18.1 87 .0 18.5 77.4
PHA + Guanosine (10-4%) 19.0 91 .3 21 .1 88.3
PHA + C y c l ic  GMP (10-4%) 32 .0 153.8 30 .0 125.5
TABLE 6
CYCLIC AMP PHOSPHODIESTERASE ACTIVITY IN LYMPHOCYTES FROM 
A CLL PATIENT WITH A HIGH PERIPHERAL LEUKOCYTE 
COUNT (280 X 103/mm3) CULTURED WITH 
GUANINE ( i O - % ) ,  GUANOSINE 
(10-4N) OR CYCLIC 
GMP (10“ % )
P r e - t r e a tm e n t  
of C e l l  C u l tu re
C y c l ic  AMP- H H ydrolyzed 
nmoles/mg p r o t e i n / 30 m in u te s
Day 3
% of
A c t i v i t y Day 5
% of
A c t i v i t y
PHA ( c o n t r o l ) 2 2 .3 100 28.5 100
PHA + Guanine (10“ % ) 5 .2 2 3 .3 1.7 5 .9
PHA + Guanosine (10“ % ) 1 .1 4 .9 5 .2 18.2
PHA + C y c l ic  GMP (10“ % ) 3 .0 13,4 2 .3 8 .1
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g u a n in e ,  g u a n o s in e  and c y c l i c  GMP t r e a tm e n t .  Lymphocytes o b ta in e d  from 
s i m i l a r  c u l t u r e s  w i th  g u a n in e ,  guanos ine  o r  c y c l i c  GMP added f o r  5 days 
c o n ta in e d  6%, 18%, and 8% of th e  c o n t r o l  l e v e l ,  r e s p e c t i v e l y .
To summarize t h e s e  t h r e e  t a b l e s ,  th e  c y c l i c  AMP phospho­
d i e s t e r a s e  l e v e l  i n  c e l l  hom ogenates o f  norm al lym phocytes o r  CLL 
lym phocytes o f  a medium WBC coun t was g e n e r a l l y  a f f e c t e d  to  on ly  a 
sm a l l  e x t e n t  by g u a n in e ,  g u a n o s in e  o r  c y c l i c  GMP. However, in  CLL 
lym phocytes o b ta in e d  from a donor w i th  a  h ig h  WBC c o u n t ,  th e s e  
compounds reduced  th e  enzyme a c t i v i t y  to  a t  l e a s t  20% o f  th e  c o n t r o l  
l e v e l .  I n  a d d i t i o n ,  th e  c y c l i c  AM? p h o s p h o d ie s te r a s e  l e v e l s  o f  the  un­
t r e a t e d  c o n t r o l  c e l l s  cou ld  be a r ra n g e d  in  a d e c r e a s in g  o r d e r  o f  CLL 
lym phocytes  (h ig h  WBC c o u n t)  > CLL lym phocytes (medium WBC coun t)  > 
norm al lym phocytes  (low WBC c o u n t ) .
K i n e t i c  S t u d ie s  o f  C y c l ic  AMP H y d ro ly s is
by Lymphocyte P r e p a r a t i o n s
To e v a l u a t e  th e  p o s s i b i l i t y  t h a t  the  p h o s p h o d ie s te r a s e
a c t i v i t i e s  i n  norm al and CLL lym phocytes d i f f e r e d  f u n c t i o n a l l y ,  some
o f  th e  k i n e t i c  p a ra m e te r s  o f  c y c l i c  AMP h y d r o ly s i s  were m easured i n
enzyme p r e p a r a t i o n s  o f  b o th  lym phocy tes .  The r a t e  o f  c y c l i c  Aî'ïP
h y d r o ly s i s  by p h o s p h o d ie s t e r a s e  from a  no rm al lymphocyte p r e p a r a t i o n  i s
shown i n  F ig u r e  10 as a  f u n c t i o n  o f  s u b s t r a t e  c o n c e n t r a t i o n  ra n g in g
from 0 .5  to  400 pM. The E a d ie - H o f s te e  p l o t  o f  th e  d a ta  was found t o  be
n o n l i n e a r  (F ig u re  11 ) .  T h is  o b s e r v a t io n  su g g e s te d  t h a t  t h e  c y c l i c  AMP
p h o s p h o d ie s t e r a s e  e x i s t s  i n  more than  one form. F u r th e rm o re ,  t h i s  p l o t
gave an a p p ro x im ate  e s t i m a t i o n  of th e  v a lu e s  o f  two a p p a re n t  maximal



















F i g u r e  10 -  C y c l i c  AMP P h o s p h o d i e s t e r a s e  A c t i v i t y  o f  Normal Lym phocytes As A F u n c t io n  o f  t h e  
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F ig u re  11 -  E a d ie -H o fs te e  P l o t  o f  t h e  R a te  o f  C y c l ic  AMP H ydro ly ­
s i s  by A S u p e rn a ta n t  F r a c t i o n  ( l ,0 0 0 x g ,  lO m in .)  o f  C y c l ic  P h o sphod ies ­
t e r a s e  P r e p a r a t i o n  O b ta ined  from Normal Lymphocytes
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p e r  m i l l ig r a m  of p r o t e i n  p e r  m in u te s ,  a s  w e l l  as two M ich ae lis -M en ten  
c o n s ta n t s  (K^^), one a t  1 .8  x  10“ and th e  o th e r  a t  7 .1  x 10“ 5m . A 
d i f f e r e n t  t r e a tm e n t  of th e  d a t a  e x p re s s e d  as S/V v s .  S (F ig u re  12) 
r e v e a le d  two a p p a re n t  v a lu e s  o f  0 .8  and 1 .38  and two a p p a re n t
v a lu e s  o f  1 .8  x 10“ ^M and 7 .7  x 10“ I n an E a d ie -H o fs te e  p l o t ,  i s
o b ta in e d  as the  i n t e r c e p t  of th e  s t r a i g h t  l i n e  on th e  v e r t i c a l  a x i s  and 
i s  de te rm ined  by th e  s lo p e  o f  th e  s t r a i g h t  l i n e ,  w hereas  i n  th e  
Dixon p l o t  th e  r e c i p r o c a l  o f  th e  s lo p e  and i s  th e  p ro d u c t
of  and the  i n t e r c e p t  of th e  v e r t i c a l  a x i s .
C y c l ic  AMP p h o s p h o d ie s te ra s e ,  o b ta in e d  from CLL lym phocytes 
was a ssayed  over a wide range  o f  s u b s t r a t e  c o n c e n t r a t io n s  betw een 1 yM 
and 500 yM. Both th e  E a d ie -H o fs te e  (F ig u re  13) and th e  Dixon p l o t  
(F ig u re  14) i n d i c a t e d  t h a t  CLL lym phocytes  p o s s e s s e d  two c y c l i c  AMP 
p h o s p h o d ie s te r a s e  a c t i v i t i e s ,  one w i th  a low o f  1 .3  x lO'^M and one 
w i th  a h ig h  of 2 ,9  x 10“ % .  The c o rre sp o n d in g  V^ax v a lu e s  a r e  0 .31  
and 2 .20  nmoles o f  c y c l i c  AMP h y d r o l y s i s  p e r  m i l l ig r a m  o f p r o t e i n  p e r  
m in u te .
The above k i n e t i c  d a t a  i n d i c a t e  the  e x i s t e n c e  in  e i t h e r  norm al 
o r  CLL lymphocytes o f  more th a n  one c y c l i c  AMP p h o s p h o d ie s te r a s e  
a c t i v i t y .  I t  seemed l i k e l y  t h a t  a t  l e a s t  one o f  t h e  enzyme a c t i v i t i e s  
was a f f e c t e d  by th e  a d d i t i o n  o f  g u a n in e ,  g u a n o s in e ,  o r  c y c l i c  GMP. In  
o rd e r  to  t e s t  t h i s  p o s s i b i l i t y ,  th e  h y d r o ly s i s  of c y c l i c  AMP-% i n  th e  
p re se n c e  o f  v a ry in g  amounts o f one o f  th e  n o n la b e le d  i n h i b i t o r s  was 
m easured. The s u b s t r a t e  c o n c e n t r a t i o n  was 20 yM b ased  on th e  low 
v a lu e  o f  th e  enzyme. As shown i n  T ab le  7, over  a wide ra n g e  of 
c o n c e n t r a t i o n s  (5 yM to  100 yM), g u an in e  o r  guan o s in e  had l i t t l e  o r  no
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F i g u r e  12 -  D ixon P l o t  o f  t h e  R a te  o f  C y c l i c  AMP H y d r o l y s i s  by A S u p e r n a t a n t  F r a c t i o n  ( l , 0 0 0 x g ,  

















F i g u r e  13 -  E a d i e - H o f s t e e  P l o t  o f  t h e  R a te  o f  C y c l i c  AMP H y d r o ly s i s  by  A S u p e r n a t a n t  F r a c t i o n  
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F i g u r e  14 -  D ixon P l o t  o f  t h e  R a te  o f  C y c l i c  AMP H y d r o ly s i s  by  A S u p e r n a t a n t  F r a c t i o n  ( l , 0 0 0 x g ,  
lO m in .)  o f  C y c l i c  P h o s p h o d i e s t e r a s e  P r e p a r a t i o n  O b ta in e d  from  CLL Lym phocytes
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TABLE 7
EFFECT OF GUANINE, GUANOSINE, CYCLIC GMP AND 
THEOPHYLLINE ON THE ACTIVITY OF CYCLIC 
PHOSPHODIESTERASE (K ,^2  ^ 1 .3  x 10-5%) 
FROM CLL LYMPHOCYTES
I n h i b i t o r C o n c e n t ra t io n s
(jjM)
A c t iv i t y  
(nmole C y c l ic  AMP H y d ro ly zed /  
mg p r o te i n /m in u t e )
None 0 0 .3 8
Guanine 5 0 .3 7
25 0 .3 4
50 0 .3 3
100 0 .3 8
Guanosine 5 0 .37
25 0 .4 9
50 0 .3 5
100 0 .3 4
C y c l ic  GMP 5 0.25
25 0 .32
50 0 .3 4
100 0 .2 4
T h e o p h y l l in e 5 mM 0.31
10 mM 0.25
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e f f e c t  on th e  enzyme a c t i v i t y .  However, an a p p r e c ia b l e  amount o f  
r e d u c t io n  on th e  enzyme a c t i v i t y  was obse rved  in  th e  p re se n c e  of 5 or 
100 uM c y c l i c  GMP, and s l i g h t  i n h i b i t i o n  was a t t a i n e d  w ith  25 o r  50 pM 
c y c l i c  GMP. T h e r e f o r e ,  c y c l i c  GMP d id  i n h i b i t  c y c l i c  AMP h y d r o ly s i s  
m o d e ra te ly ,  b u t  th e  d e g re e  o f  i n h i b i t i o n  was i n c o n s i s t e n t  w i th  th e  
c o n c e n t r a t io n  o f  th e  i n h i b i t o r .  In  a d d i t i o n ,  t h e o p h y l l i n e  a l s o  
i n h i b i t e d  c y c l i c  AMP p h o s p h o d ie s t e r a s e  a p p r e c i a b l y ,  s u p p o r t in g  th e  
v a l i d i t y  of th e  a s sa y .
CHAPTER IV
DISCUSSION
The e f f e c t s  o f  s e v e r a l  p u r i n e s ,  p y r im id in e s  and t h e i r  
n u c l e o s i d e s  on n u c l e i c  a c id  s y n th e s i s  in  b o th  norm al and CLL lym phocytes 
were m easured in  o r d e r  t o  e l u c i d a t e  d i f f e r e n c e s  in  t h e  s y n t h e s i s  and 
r e g u l a t i o n  o f  n u c l e i c  a c id  between th e s e  two c e l l s .  The a c t i o n s  o f  
p u r in e  and p y r im id in e  c o n ta in in g  d e r i v a t i v e s  were c h a r a c t e r i z e d  by (a) 
e i t h e r  th e  r e d u c t io n  o f  Ur-^H i n c o r p o r a t i o n  I n t o  RNA o r  Th-^H 
i n c o r p o r a t i o n  i n t o  DNA, o r  b o th ,  (b) th e  s p e c i f i c  s e n s i t i v i t y  o f  CLL 
lym phocytes  tow ard th e  c h e m ica ls  o r  th e  n o n s p e c i f i c  s e n s i t i v i t y  d i s ­
p lay e d  by b o th  no rm al and CLL lym phocy tes ,  and (c) th e  p a t t e r n  o f  
i n h i b i t i o n  on U r - %  and Th-^H i n c o r p o r a t io n s  by v a r i o u s  c o n c e n t r a t i o n s  
o f  th e  a g e n ts  employed. On th e  b a s i s  o f  th e  above c h a r a c t e r i s t i c s ,  
r e s u l t s  o f  t h i s  s tu d y  i n d i c a t e d  t h a t  p u r in e  and p y r im id in e  e x e r t  t h e i r  
i n h i b i t o r y  e f f e c t  on n u c l e i c  a c id  s y n t h e s i s  i n  human lym phocytes  v i a  
d i f f e r e n t  m echanisms.
C y t id in e  (10~^M;10^ c e l l s )  was found to  i n h i b i t  m arked ly  th e  
r a t e  o f  U r - %  i n c o r p o r a t i o n  i n t o  RNA w i th o u t  a p p a re n t  e f f e c t  on Th-^H 
i n c o r p o r a t i o n  i n t o  DNA i n  b o th  norm al and CLL lym phocy tes .  C y t id in e  
was a l s o  found to  d i s p l a y  a  h y p e r b o l i c  i n h i b i t i o n  p a t t e r n  a t  v a r i o u s  
c o n c e n t r a t i o n s .  These o b s e r v a t io n s  w ere  i n t e r p r e t e d  by Lucas (59) as 
r e s u l t s  o f  e n d -p ro d u c t  i n h i b i t i o n  or r e p r e s s i o n  o f  u r i d i n e  k i n a s e .
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A ccord ing  to  s t u d i e s  by Kay £ t  a l .  (1 4 6 ) ,  RNA s y n t h e s i s  i n  the  G1 p h ase  
i s  o b l i g a t o r y  f o r  su b se q u e n t  DNA s y n t h e s i s .  T h e r e f o r e ,  d u r in g  c y t i d i n e  
i n h i b i t i o n  RNA must be s y n th e s i z e d  by an a l t e r n a t e  mechanism, most 
l i k e l y  th e  ^  novo pathw ay.
I t  i s  w e l l  e s t a b l i s h e d  in  b a c t e r i a l  s y s te m s ,  t h a t  de novo 
p y r im id in e  r i b o n u c l e o t i d e  s y n th e s i s  i s  s u b j e c t  t o  feedback  r e g u l a t i o n  
( 8 2 ,8 3 ) .  E u c a ry o t ic  c e l l s  i n  g e n e r a l  have n o t  d i s p la y e d  t h i s  s t r i n g e n t  
f e e d b a c k  r e g u l a t o r y  mechanism. Yip and Knox (158) have r e c e n t l y  
o b se rv e d  t h a t  the  m o d u la t io n  o f  carbam yl p h o sp h a te  s y n th e t a s e  a c t i v i t y  
by n u c l e o t i d e s  i s  l e s s  p ro m in en t  in  mammalian c e l l s  th an  i n  b a c t e r i a .
In  v iv o  i n v e s t i g a t i o n  o f  a s p a r t a t e  t r a n s c a r b a m y la s e  from v a r io u s  
e u c a r y o t i c  s o u rc e s  (159 ,160) i n d i c a t e d  t h a t  th e  a c t i v i t y  o f  t h i s  
enzyme i s  n o t  r e g u l a t e d  by n u c l e o t i d e s  i n  th e  same manner as  i t  i s  i n  
b a c t e r i a  (1 6 1 ) .  I n  th e  p r e s e n c e  of c y t i d i n e ,  Lucas (59) obse rved  t h a t  
th e  a c t i v i t y  of th e  p y r im id in e  s a lv a g e  enzyme ( u r i d i n e  k in a s e )  was 
re d u c e d  in  th e  f a s t  p r o l i f e r a t i n g  lym phocyte c u l t u r e .  At th e  same 
t im e ,  an i n c r e a s e  i n  ^  novo s y n t h e s i s  o f  p y r im id in e  m ight be e x p e c te d  
to  o c c u r .  However, our  a t te m p t  to  d e t e c t  a s i g n i f i c a n t  amount of 
i n c o r p o r a t i o n  o f  a s p a r t i c  a c id  f a i l e d  t o  v e r i f y  th e  In c r e a s e d  
u t i l i z a t i o n  o f  th e  ^  novo s y n t h e t i c  pathway o f  th e  p y r im id in e  
n u c l e o t i d e s .
I t  i s  p o s s i b l e  t h a t  t h e  c o n v e rs io n  o f  c y t i d i n e  i n t o  u r i d i n e  
r e s u l t i n g  i n  the  d i l u t i o n  o f  th e  r a d i o a c t i v e  u r i d i n e  p o o l  may a c c o u n t  
f o r  th e  i n h i b i t o r y  e f f e c t  o f  c y t i d i n e .  We d e c id e d  to  p u rsu e  t h i s  
p o s s i b i l i t y .  The fo rm a t io n  o f  u r i d i n e  from c y t i d i n e  i s  c a ta ly z e d  by 
c y t i d i n e  deam inase ,  which i s  g e n e r a l l y  p r e s e n t  i n  b a c t e r i a l  c e l l s  (1 4 7 ,  
148)5 a v ia n  c e l l s  (1 4 9 ) ,  mammalian c e l l s  ( 1 4 0 ,1 5 0 ) ,  and v i r u s  in d u c e d
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t i s s u e  c u l t u r e  l i n e s  (151 ).  I t  i s  a l s o  knoxm t h a t  c y t i d i n e  i s  
deam ina ted  d u r in g  th e  h y d r o l y s i s  o f  n u c l e i c  a c id  u n d e r  s t r o n g l y  a c i d i c  
c o n d i t io n s  (162).  S h a p iro  and K le in  (163) r e p o r t e d  t h a t  c y t i d i n e  and 
c y to s in e  can be h y d r o l y t i c a l l y  deam inated  a t  95°C by a  v a r i e t y  of 
aqueous b u f f e r  s o l u t i o n s  o f  pH^S. The e q u i l ib r iu m  be tw een  c y t i d in e  and 
i t s  d e a m in a t io n  p ro d u c ts  ( u r i d i n e  p lu s  ammonia) was f u r t h e r  i n v e s t i g a t e d  
in  th e  p re s e n c e  o f  b a c t e r i a l  c y t i d i n e  deam inase by Cohen and W olfender 
(164 ).  T h e i r  s tu d y  r e v e a le d  t h a t  d e a m in a t io n  i s  s t r o n g l y  f a v o re d  by 
th e  e x te n s i v e  p r o to n a t io n  o f  ammonia a t  pH=7. The b e s t  o p p o r t u n i t i e s  
f o r  o b s e rv in g  th e  r e v e r s e  r e a c t i o n  occu r  a t  pH=9. T hus ,  th e  c o n d i t io n s  
used to  c a r r y  c u t  the  c y t i d i n e  d e a m in a t io n  r e a c t i o n  i n  th e  p r e s e n t  
s tu d y  seemed to  be o p t im a l ;  no spon taneous  h y d r o l y t i c  d e a m in a t io n  
o c c u r re d  as s o l u t i o n s  or low pH were avo ided .
I t  i s  known t h a t  i n  man, b o th  l i v e r  and serum c o n ta in  c y t i d i n e  
deam inase  (1 6 5 ) .  T h is  s tu d y  p ro v id e d  e v id e n c e  t h a t  c y t i d i n e  deam inase 
i s  p r e s e n t  a l s o  i n  human lym phocy tes .  The r a t e s  o f  c y t i d i n e  d e a m in a t io n  
i n  b o th  no rm al and CLL lym phocyte  c u l t u r e s  were m easured  i n  th e  c e l l  
f r a c t i o n s  as w e l l  as  i n  th e  medium f r a c t i o n s .  Our r e s u l t s  r e v e a le d  
t h a t  d e a m in a t io n  ta k e s  p l a c e  in  b o th  lym phocy tes ,  and th e  r e a c t i o n  i s  
f a s t e r  i n  CLL c e l l s  th a n  i n  norm al c e l l s .  However, i n  norm al c e l l  
c u l t u r e  m ed ia ,  u r i d i n e  a p p e a rs  e a r l i e r  than  in  CLL c e l l  c u l t u r e  media. 
T h is  phenomenon s u g g e s t s  t h a t  t h e r e  a re  d i f f e r e n c e s  i n  membrane 
s t r u c t u r e  and p e r m e a b i l i t y  be tw een normal and CLL ly m phocy te s .  In  f a c t ,  
K o rn fe ld  (166) d id  d e m o n s t ra te  t h a t  CLL lym phocytes have  l e s s  s u r f a c e  
s i a l i c  a c id  than  norm al lym phocy tes ,  a l th o u g h  th e  e f f e c t  o f  s i a l i c  a c id  
c o n c e n t r a t i o n  on membrane p e r m e a b i l i t y  o f  n u c le o s id e s  i s  n o t  c l e a r .
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S tu d ie s  ^  v i t r o  d em o n s tra ted  th e  p re s e n c e  of c y t i d i n e  deaminase 
i n  homogenates o b ta in e d  from e i t h e r  norm al c e l l s  or CLL c e l l s .  The 
enzyme a c t i v i t y  i s  m a in ly  d i s t r i b u t e d  i n  th e  s u p e r n a t a n t  f r a c t i o n ,  and 
o n ly  a  sm a l l  amount of a c t i v i t y  i s  d e t e c t e d  i n  th e  p a r t i c u l a t e  f r a c t i o n .  
I n  c o n t r a s t  to  th e  ^  c u l t u r e  i n v e s t i g a t i o n ,  i t  was found t h a t  th e  
d eam in a t io n  i s  c a r r i e d  o u t  a t  a s l i g h t l y  h ig h e r  r a t e  in  norm al c e l l s  
th a n  i n  CLL c e l l s .
The e f f e c t i v e n e s s  o f  a r a b i n o s y l  c y to s in e  (a ra -C ,  one o f  th e  
common d rugs f o r  t r e a tm e n t  o f  leukem ia)  i n  th e  t r e a tm e n t  o f  leukem ia  
can be c o r r e l a t e d  w i th  th e  r a t e  o f  u p ta k e  o f  th e  m olecu le  i n  v i t r o  and 
i t s  s u b seq u e n t  p h o s p h o r y l a t i o n  (1 6 7 ) .  I n  man, t h i s  n u c le o s id e  i s  a l s o  
r a p i d l y  deam inated  t o  p ro d u ce  a r a b i n o s y l  u r i d i n e  which has no 
t h e r a p e u t i c  a c t i v i t y  (1 6 8 ) .  These c h a r a c t e r i s t i c s  s u g g e s t  t h a t  th e  
s u s c e p t i b i l i t y  o f  th e  leukem ic  c e l l  t o  a ra -C  i s  r e l a t e d  to  t h e  a c t i v i t y  
o f  c y t i d i n e  deam inase . T h is  p o s s i b l e  r e l a t i o n s h i p  between ly m p h o b la s t ic  
leukem ic  bone marrow c e l l  c y t i d in e  deam inase  c o n c e n t r a t io n s  and 
t h e r a p e u t i c  r e s p o n s e  w ere e v a lu a te d  by S t e u a r t  and Burke (1 6 9 ) .  I t  was 
found t h a t  leukem ic  bone marrow c e l l s  i n  " re s p o n d e rs "  c o n ta in e d  s i x  
t im es  l e s s  c y t i d i n e  deam inase  th a n  th e  c e l l s  o f  " n o n - r e s p o n d e r s " .  Thus, 
c y t i d i n e  deam inase a c t i v i t y  i n  CLL lym phocy tes  could  be used  a s  an 
i n d i c a t o r  f o r  th e  e f f e c t i v e n e s s  of a ra -C  t r e a tm e n t .
The i n h i b i t o r y  e f f e c t s  e x h i b i t e d  by g u a n in e ,  guan o s in e  and 
c y c l i c  GMP a r e  q u i t e  d i f f e r e n t  from t h a t  o f  c y t i d i n e .  These  compounds, 
a t  10“ % ,  have no d i s c e r n i b l e  e f f e c t  on e i t h e r  RNA o r  DNA s y n t h e s i s  
i n  norm al lym phocytes . I n  CLL ly m p h o c y te s ,  how ever, th ey  d e m o n s tra ted  
marked i n h i b i t i o n  on b o th  U r - %  and Th-^H i n c o r p o r a t io n  i n t o
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RNA and DNA, r e s p e c t i v e l y .  A lso ,  th e  non--hyperbo lic  i n h i b i t i o n  p a t t e r n  
o f  v a r i o u s  c o n c e n t r a t io n s  o f  g u a n o s in e  i n d ic a te d  a s i t u a t i o n  more 
c o m p l ic a te d  than  s im p le  c o m p e t i t iv e  i n h i b i t i o n .
S e v e ra l  m echanisms, summarized i n  F ig u re  15, may be  p roposed  
to  a c co u n t  f o r  t h e i r  e f f e c t s .  F i r s t ,  the  p e r m e a b i l i t y  o f  t h e  lymphocyte 
membrane may be  reduced  in  the  p re s e n c e  o f  exogenous n u c l e o s i d e s .
S teck  e_t a_l. (170) d e m o n s t ra te d  t h a t  th e  t r a n s p o r t  o f  r a d i o a c t i v e  
n u c le o s i d e s  i n to  mammalian c e l l s  can be b locked  by h ig h  l e v e l s  (10“ % )  
o f  h e te r o lo g o u s  n u c le o s i d e s .  P re sum ab ly ,  the  e x c e s s iv e  amounts of 
u n la b e le d  n u c le o s id e s  compete w i th  th e  t r a c e  amounts o f  t h e  r a d i o a c t i v e  
n u c le o s id e  a t  a s p e c i f i c  p e rm e a t io n  s i t e .  The p l a u s i b i l i t y  o f  t h i s  
mechanism i s  f u r t h e r  s u p p o r te d  by P e t e r  and Hausen’ s (63) r e p o r t  t h a t  
th e  t r a n s p o r t  o f  u r i d i n e  th ro u g h  th e  c e l l  membrane i s  t h e  r a t e - l i m i t i n g  
s te p  i n  u r i d i n e  u p ta k e  i n  P H A -s tim u la ted  bov ine  lymph node lym phocytes . 
I f  t h i s  mechanism a p p l i e s  to  ly m p h o cy te s ,  the  p r e f e r e n t i a l  i n h i b i t o r y  
e f f e c t s  o f  gu a n in e ,  guanos ine  and c y c l i c  GMP on CLL lym phocytes 
s u g g e s t  t h a t  the  s u r f a c e  o f  leu k em ic  lymphocytes i s  d i f f e r e n t  from t h a t  
of th e  norm al c e l l s .  As m entioned  b e f o r e ,  e v id e n c e  f o r  membrane 
d i f f e r e n c e  was g iven  by th e  o b s e r v a t io n  t h a t  l e s s  s i a l i c  was found on 
CLL lym phocyte  s u r f a c e  th a n  on norm al lymphocyte s u r f a c e  (1 6 6 ) .  A gain , 
the  s i g n i f i c a n c e  o f  t h i s  f i n d i n g  w i th  r e s p e c t  to  th e  p e rm e a t io n  s i t e s  
f o r  exogenous compounds i s  s t i l l  unknoTvn. F u r th e rm o re ,  ou r  s t u d i e s  
show t h a t  th e  r a t e  o f  u r i d i n e  i n c o r p o r a t i o n  i n t o  RNA i s  n o t  d i r e c t l y  
p r o p o r t i o n a l  to  th e  guan o s in e  c o n c e n t r a t i o n  i n  th e  medium. Thus, th e  
d i f f e r e n t  re s p o n s e s  o f  CLL lym phocytes  and normal lym phocytes  toward 
g u a n in e ,  guanos ine  and c y c l i c  GMP may n o t  a l l  be e n t i r e l y  a t t r i b u t e d  to  
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F i g u r e  15 -  P o s s i b l e  M echanisms o f  G u a n in e ,  G uanos ine  o r  C y c l i c  GMP A c t io n
(1) Membrane P e r m e a b i l i t y  t o  Exogenous N u c le o s id e s
(2) ATP L e v e ls  i n  Normal and C h ro n ic  Leukemic Lym phocytes
(3) S a lv a g e  v s .  de  novo Pathway i n  RNA M e ta b o l ism
(4) UTP U t i l i z a t i o n  f o r  G ly c o g e n o s is  and RNA S y n t h e s i s
(5) C y c l i c  AMP L e v e ls  i n  Normal and C h ro n ic  Leukemic Lym phocytes
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An a l t e r n a t i v e  h y p o t h e s i s  s u g g e s t s  t h a t  g u a n in e ,  guanos ine  o r  
c y c l i c  GMP e x e r t  t h e i r  i n h i b i t o r y  e f f e c t  by com peting  w i th  o th e r  
n u c l e o s i d e s  f o r  ATP (mechanism 2 ) .  As shown i n  th e  p u r in e  n u c l e o t id e  
s a lv a g e  s y n t h e t i c  pathway ( F ig u re  1 6 ) ,  th e  combined a c t i o n  o f  p u r in e  
n u c le o s i d e  p h o s p h o ry la s e  and h y p o x a n th in e /g u a n in e  p h o s p h o r ib o s y l -  
t r a n s f e r a s e  c o n v e r t s  g u an in e  and g u a n o s in e  i n t o  GMP. C leavage o f  c y c l i c  
GMP by p h o s p h o d ie s te r a s e  a l s o  r e s u l t s  i n  th e  f o rm a t io n  o f  GMP. Thus,
ATP i s  r e q u i r e d  i n  th e  p h o s p h o r y l a t i o n  o f  GMP by g u a n y la te  k in a s e  to  
form GDP and GTP. R ab inow itz  and W i l h i t e  (100) s t u d i e d  th e  l e v e l s  o f  
th y m id in e  k in a s e  a c t i v i t y  i n  b o th  norm al and CLL lym phocytes . T h e i r  
r e s u l t s  c l e a r l y  d e m o n s t ra te d  t h a t  th e  amount o f  thym id ine  t r i p h o s p h a t e  
formed from thym id ine  depended upon th e  ATP c o n c e n t r a t i o n .  T h is  f i n d i n g  
s u g g e s t s  t h a t  th e  changes in  th e  ATP l e v e l s  i n  c e l l s  may f u n c t i o n  in
r e g u l a t i n g  thym id ine  m e ta b o lism . S in c e  ATP i s  a l s o  r e q u i r e d  i n  th e
p h o s p h o r y l a t i o n  o f  u r i d i n e  by u r i d i n e  k i n a s e ,  ATP a v a i l a b i l i t y  co u ld  
r e g u l a t e  u r i d i n e  m etabo lism  as  w e l l .  Thus, i f  t h e  ATP c o n c e n t r a t i o n  i s
l i m i t e d  i n  CLL lym phocy tes ,  g u a n in e ,  g u a n o s in e  and c y c l i c  GMP may e x e r t
t h e i r  i n h i b i t o r y  e f f e c t  by t h i s  mechanism.
A t h i r d  p o s s i b l e  mechanism in v o lv e s  th e  c o n t r o l  o f  a l t e r n a t e  
pa thw ays (mechanism 3 ) ,  n a m e ly ,  th e  s a lv a g e  pathway v s ,  th e  de novo 
pathway f o r  p u r in e  n u c l e o t i d e  s y n t h e s i s  ( F ig u re  16) . I t  i s  most l i k e l y  
t h a t  d i r e c t  c o n t r o l  o f  ^  novo p u r in e  s y n t h e s i s  i s  e x e r t e d  a t  t h e  f i r s t  
o b l i g a t o r y  s t e p .  T h is  f i r s t  s t e p  i s  c a ta ly z e d  by p h o s p h o r ib o s y l  
p y ro p h o sp h a te  (PRPP) a m i d o t r a n s f e r a s e .  I t  seems r e a s o n a b ly  w e l l  
e s t a b l i s h e d  t h a t  PRPP a m i d o t r a n s f e r a s e  i s  i n h i b i t e d  by m onophosphates, 
p a r t i c u l a r l y  Aî'IP and GMP, Thus, th e  a d d i t i o n  o f  g u a n in e ,  g u a n o s in e  o r
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I'iC'.UHE 16- P urine biosynthesis, interconversion, and degradation in animal tissues. 
T he numbers refer to the follov/ing enzymes or  sequences o f enzymes. 1 : P R P P  
synthetase; 2 : P R P P  am idotransferase; 3 :  the enzym es o f  de novo purine bio­
synthesis ; 4  : IM P  dehydrogenase ; S : X M P  aminase ; 6 : adenylosuccinate synthetase ; 
7: adenylosuccinate lyase; 8 : G M P reductase; 9 ; A M P  deam inase; 10, 11, 12. 1 3 ' 
.S'-nudeotidase; 14: adenosine kinase; 15: inosine kinase; 16: adenosine deaminase; 
17, 18. 19, 20: purine nucleoside phosphorylase; 21: adenine phosphoribosyltrans- 
fera se ; 22, 23. 24: hypoxanthine/guanine phosphoribosyltransferase; 25: guanine 
deam inase ; 26, 27 : xanthine oxidase.
R eactions indicated by dashed lines have only been shov/n to have low  activities 
in animal tissues and are discussed further in the text; tliis docs not necessarily  
indicate that they lack physiological Importance.
(From M urray, A.W. 1971 The b i o l o g i c a l  s i g n i f i c a n c e  
o f  p u r in e  s a lv a g e ,  Ann. Rev, B iochem ., 40: 8 1 2 .)
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c y c l i c  GMP co u ld  r a p i d l y  i n h i b i t  novo p u r in e  n u c l e o t i d e  s y n th e s i s  
r e s u l t i n g  from th e  e l e v a t i o n  o f  i n t r a c e l l u l a r  GMP c o n c e n t r a t i o n  as 
i n d i c a t e d  p r e v i o u s ly .  Normal c e l l s  when c h a l le n g e d  by v a r io u s  
i n h i b i t o r s  may reduce  t h e i r  u t i l i z a t i o n  of th e  de novo pathw ay , b u t  
they  n e v e r t h e l e s s  may c o n t in u e  t o  s y n th e s i z e  n u c l e i c  a c id  by th e  
s a lv a g e  pathw ay. However, CLL lym phocytes  may n o t  be  a b le  to  change to  
th e  a l t e r n a t e  pathway as  r e a d i l y .  Reduced u t i l i z a t i o n  o f  th e  de novo 
pathway in  th e  p re se n c e  o f  g u a n in e ,  guanos ine  o r  c y c l i c  GMP cou ld  r e s u l t  
i n  a d e c re a s e  in  n u c l e i c  a c id  s y n t h e s i s .  Very r e c e n t l y ,  i t  was found 
t h a t  in  PH A -stim ula ted  human lym phocy tes ,  no ^  novo p u r in e  s y n th e s i s  
was d e t e c t e d  u s ing  l a b e l e d  g l y c i n e  as p r e c u r s o r  (1 7 1 ) .  However, i t  i s  
p o s s i b l e  t h a t  CLL lym phocytes undergo a  c e r t a i n  amount o f  ^  novo p u r in e  
s y n t h e s i s .  I f  t h i s  i s  t r u e ,  th e  p re s e n c e  of g u a n in e ,  gu a n o s in e  o r  c y c l i c  
GMP co u ld  have v a r i a b l e  d e g re e s  o f  i n h i b i t o r y  e f f e c t ,  depend ing  upon th e  
e x t e n t  of de novo p u r in e  s y n t h e s i s .  That i s ,  an i n c r e a s e  i n  GMP l e v e l  
due to  th e  a d d i t i o n  of g u a n in e ,  guanos ine  o r  c y c l i c  GMP would show no 
e f f e c t  on p u r in e  s y n th e s i s  i n  norm al lym phocytes , b u t  a  s i g n i f i c a n t  
e f f e c t  on p u r in e  s y n th e s i s  i n  CLL lym phocytes would be e x p e c te d .
A f o u r th  mechanism which a l s o  in v o lv e s  t h e  c o n t r o l  o f  a l t e r n a t e  
pathway may be s u g g e s te d .  S e v e r a l  i n v e s t i g a t o r s  have  d e m o n s tra te d  t h a t  
l a r g e  p a r t i c l e s  o f  g lycogen  a r e  p r e s e n t  i n  th e  cy to p la sm  o f  CLL 
lym phocytes (172-174). The g ly co g en  p a r t i c l e s  were found to  d i s a p p e a r  
a f t e r  IPT t r e a tm e n t  (136 ).  None o f  th e  g lycogen  p a r t i c l e s  a r e  seen  i n  
the  norm al lym phocytes . P r e v io u s  s tu d i e s  a l s o  d e m o n s tra ted  t h a t  DNA 
s y n t h e s i s  i n  CLL lym phocytes i s  m arkedly  i n h i b i t e d  by IPT (7 9 ) .  The 
s i g n i f i c a n c e  o f  th e  p r e s e n c e  o f  g lycogen  p a r t i c l e s  i n  th e  CLL c e l l s  i s
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i n d i c a t e d  by th e  o b s e rv a t io n  t h a t  IPT i n h i b i t s  DNA s y n t h e s i s ,  p resum ably  
by d e p l e t i n g  th e  s to r e d  g lycogen  c o n te n t .  As shov.'n i n  F ig u re  15, 
g lycogen  s y n t h e s i s  and n u c l e i c  a c id  s y n th e s i s  a re  r e l a t e d  by t h e i r  
m u tua l  r e q u i r e m e n t  f o r  UTP. The c o o r d in a t io n  o f  the  s y n th e s i s  o f  
th e se  two m acrom olecu les  i s  o b v io u s ly  s u b je c t  to  p r e c i s e  r e g u l a t i o n .
In CLL ly m phocy te s ,  however, th e  UTP p o o l  f o r  RNA s y n t h e s i s  may be 
reduced  o r  d e p le te d  because  o f  th e  r e l a t i v e l y  l a r g e  amount r e q u i r e d  f o r  
g lycogen  s y n t h e s i s .  F u r th e rm o re ,  g u a n in e ,  guanos ine  o r  c y c l i c  GMP 
cou ld  e x e r t  a d d i t i o n a l  s t r e s s  upon th e  r e g u l a t i o n  of g lycogen  s y n th e s i s  
and upon RNA s y n th e s i s  r e s u l t i n g  in  a g r e a t e r  d e p l e t i o n  o f  UTP f o r  
o b l ig a to r y  RNA s y n t h e s i s .
F i n a l l y ,  a  f i f t h  p o s s i b l e  mechanism can be su g g e s te d  w here in  
c y c l i c  AMP may be th e  p r im ary  f a c t o r  in v o lv e d  in  th e  d i f f e r e n t  b i o ­
chem ica l  b e h a v io r  e x h ib i t e d  by norm al and CLL lym phocy tes .  As i n d i c a t e d  
p r e v i o u s l y ,  A b e l l  et^ (79 ,123)  have found t h a t  DNA s y n t h e s i s  in  CLL
lym phocytes i s  m arkedly  i n h i b i t e d  by IPT o r  d i b u t y r y l  c y c l i c  AMP,
w hereas  DNA i n  norm al lym phocytes i s  n o t  a f f e c t e d  s i g n i f i c a n t l y  by
e i t h e r  of th e  two drugs under t h e  same c o n d i t i o n s .  I t  was a l s o  found
th a t  l a r g e  p a r t i c l e s  of g lycogen  a r e  p r e s e n t  in  th e  cy top lasm  o f  CLL 
lym phocytes (17 2 -1 7 4 ) .  These g lycogen  p a r t i c l e s  d i s a p p e a re d  a f t e r  IPT 
t r e a tm e n t ,  and none of th e  g lycogen  p a r t i c l e s  was o b se rv ed  i n  norm al 
lym phocytes  (1 3 6 ) .  These r e s u l t s  i n d i c a t e d  t h a t  th e  p re s e n c e  o f  g lycogen  
im p l ie s  t h a t  an a l t e r a t i o n  has  o c c u r re d  i n  th e  m e ta b o l i c  pathway 
a s s o c i a t e d  w i t h  th e  leukem ic n a tu r e  of th e  c e l l .  F u r th e rm o re ,  
i n v e s t i g a t i o n  o f  g lycogen  m e ta b o lism  i n  lym phocytes showed t h a t  th e  
p h o s p h o ry la s e  a a c t i v i t y  i s  i n c r e a s e d  in  PH A -s tim u la ted  normal 
lym phocytes  b u t  n o t  in  PH A -stim ula ted  CLL lym phocytes (175).
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The a c t i o n  o f  IPT and o f  d i b u t y r y l  c y c l i c  AMP can be e x p la in e d  
by th e  "second  m essenger"  c o n c e p t  i n t r o d u c e d  by S u th e r la n d  (1 1 2 ) ,  i . e . ,  
c e l l s  re sp o n d  to  hormones by i n c r e a s i n g  th e  i n t r a c e l l u l a r  c o n c e n t r a t i o n
o f  c y c l i c  AMP. I n c r e a s e s  i n  c y c l i c  AMP have been  r e l a t e d  to  v a r i o u s
c e l l u l a r  p r o c e s s e s  such  as g l y c o g e n o l y s i s , l i p o l y s i s ,  s t e r o i d o g e n e s i s  
and p r o t e i n  s y n th e s i s  (1 1 4 -1 1 6 ) .  Of p a r t i c u l a r  i n t e r e s t  i s  th e  e f f e c t  
o f  c y c l i c  AMP on g l y c o g e n o l y s i s .  The a c t i v a t i o n  o f  p h o s p h o ry la s e  by 
c y c l i c  AMP was f i r s t  r e c o g n iz e d  i n  l i v e r  by S u th e r la n d  and R a i l  (1 7 6 ) .  
The p ro c e s s  o f  p h o s p h o ry la s e  a c t i v a t i o n  i n  m uscle has  been  most 
e x t e n s i v e l y  s tu d i e d  by Krebs £ t  a l .  (1 7 7 ,1 7 8 ) .  The sequence  o f  t h i s  
p ro c e s s  i n i t i a t e s  as c y c l i c  AMP i n c r e a s e s  th e  a c t i v i t y  o f  a  p r o t e i n  
k in a s e  ( a l s o  r e f e r r e d  to  as  k i n a s e  I I  o r  p h o sp h o ry la se  k i n a s e  k in a s e )  
by a l l o s t e r i c  i n t e r a c t i o n .  T h is  p r o t e i n  k in a s e  c a t a ly z e s  th e  
p h o s p h o ry la t io n  o f  p h o s p h o ry la s e  b k in a s e  and r e s u l t s  i n  t h e  a c t i v a t i o n  
o f  t h i s  enzyme. The a c t i v a t e d  p h o s p h o ry la s e  b k in a s e  th e n  c a t a l y z e s  
th e  i n a c t i v e  p h o sp h o ry la se  b to  p ro d u ce  th e  a c t i v e  p h o s p h o ry la s e  a .  On
th e  b a s i s  o f  th e  above o b s e r v a t i o n s ,  i t  i s  c o n c e iv a b le  t h a t  th e
s e n s i t i v i t y  o f  th e  CLL lym phocytes  to  IPT and d i b u t y r y l  c y c l i c  AMP i s  
due to  an i n c r e a s e  i n  i n t r a c e l l u l a r  c y c l i c  AMP which c o n s e q u e n t ly  
r e g u l a t e s  t h e  c e l l  c y c le  by d e g ra d in g  th e  s t o r e d  g lycogen .
The l e v e l  o f  c y c l i c  AMP i n  c e l l s  i s  c o n t r o l l e d  by  b o th  ad en y l  
c y c la s e  and c y c l i c  AMP p h o s p h o d ie s t e r a s e .  In  a t te m p ts  t o  o b t a i n  
f u r t h e r  in f o r m a t io n  r e g a r d in g  th e  p o s s i b l e  r o l e  o f  c y c l i c  AMP i n  
growth r e g u l a t i o n ,  th e  a c t i v i t i e s  o f  c y c l i c  AMP p h o s p h o d ie s t e r a s e  i n  
b o th  c u l t u r e d  norm al and CLL lym phocytes  were m easured . The e f f e c t s  o f  
g u a n in e ,  guanos ine  and c y c l i c  GMP on c y c l i c  AMP p h o s p h o d ie s t e r a s e  i n
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b o th  c e l l s  were d e te rm in e d .  I n  norm al lym phocy tes ,  th e  l e v e l  o f  
p h o s p h o d ie s te r a s e  was d e te rm in e d  on day 3 (maximal DNA s y n t h e t i c  d a y ) .  
Guanine (10“ ^M) had no i n h i b i t o r y  e f f e c t ;  guanos ine  (10” ^M) had a 
m odera te  s t i m u l a t o r y  e f f e c t ,  and c y c l i c  GMP had a  s m a l l  s t i m u la to r y  
e f f e c t .  In  one CLL c a s e  w i th  a medium WBC c o u n t ,  th e  a c t i v i t i e s  o f  
c y c l i c  AMP p h o s p h o d ie s t e r a s e  were i n h i b i t e d  v e ry  m i ld ly  by g u a n in e  and 
guanos ine  on day 5 (maximal DNA s y n t h e t i c  d a y ) .  The enzyme a c t i v i t y  
was in c r e a s e d  s l i g h t l y  by c y c l i c  GMP. However, i n  a n o th e r  CLL c ase  
w i th  a h ig h  WBC c o u n t ,  d r a s t i c  r e d u c t io n s  o f  c y c l i c  AMP phospho­
d i e s t e r a s e  were o b se rv e d  i n  c u l t u r e s  t r e a t e d  w i th  g u a n in e ,  g u a n o s in e ,  
o r  c y c l i c  GMP. I t  a p p e a r s  t h a t  th e  r e s p o n s e  o f  c y c l i c  AMP phospho­
d i e s t e r a s e  i n  lym phocytes  tow ard  g u a n in e ,  g u a n o s in e ,  o r  c y c l i c  GMP i s  
v a r i a b l e ,  p o s s i b l y  d e p end ing  upon th e  WBC co u n t  o f  th e  b lo o d  donor .
The s t i m u la to r y  e f f e c t  o f  c y c l i c  GMP on th e  h y d r o l y s i s  o f  c y c l i c  AMP 
seems to  be i n  ag reem en t  w i th  o t h e r  o b s e r v a t io n s  made w i th  r a t  l i v e r  
(156) as w e l l  as w i t h  r a t  thym ic  lym phocytes (1 5 3 ) .  F u r th e rm o re ,  a  
p a r a l l e l  betw een th e  n o n - t r e a t e d  c o n t r o l  l e v e l s  o f  lym phocyte  
p h o s p h o d ie s te r a s e  and th e  WBC c o u n ts  o f  th e  dono rs  w ere  d e m o n s t ra te d .
The enzyme c o n te n t s  o f  th e  n o n - t r e a t e d  c o n t r o l  c e l l s  a r e  i n  a  
d e c r e a s in g  o r d e r  o f  CLL lym phocytes  (h ig h  WBC c o u n t)  > CLL lym phocy tes  
(medium WBC c o u n t)  > no rm a l lym phocytes  (low WBC c o u n t ) .
The f o re g o in g  o b s e r v a t io n s  a re  c o n s i s t e n t  w i th  th e  f i f t h  
p o s s i b l e  mechanism. P ro v id e d  t h a t  a l l  o t h e r  f a c t o r s  a r e  c o n s t a n t ,  th e  
c y c l i c  AMP p h o s p h o d ie s t e r a s e  a c t i v i t y  v a r i e s  i n v e r s e l y  w i th  th e  
c o n c e n t r a t i o n  o f  c y c l i c  AMP. As a  consequence  o f  low c y c l i c  AMP 
p r e s e n t  i n  c e l l s ,  l e s s  a c t i v e  p h o s p h o ry la s e  a  w i l l  be  fo rm ed . E v e n t u a l ly ,  
th e  accu m u la t io n  o f  g ly co g e n  i s  u n a v o id a b le .
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K i n e t i c  s t u d i e s  o f  th e  p h o s p h o d ie s te r a s e  o f  th e  c e l l  e x t r a c t s  
i n d i c a t e d  t h a t  b o th  lym phocytes p o s s e s s e d  two p h o s p h o d ie s te r a s e  
a c t i v i t i e s ,  one w i th  a  low a p p a re n t  K^ between 1 x 10~^ and 2 x 10“5m 
and a n o th e r  w i th  an a p p a re n t  o f  1 x 10“ ^ t o  3 x 10~% . S i m i la r  
f i n d i n g s  have been  r e p o r t e d  by o t h e r s  (1 3 1 ,1 4 1 ,1 5 3 ,1 5 6 ,1 7 9 -1 8 1 ) .  The 
ran g es  o f  a p p a re n t  v a lu e s  o b ta in e d  from a l l  t h e s e  s t u d i e s  a r e  
summarized i n  T a b le  8. The a p p a re n t  K ^ 's  f o r  th e  low-K^ phospho­
d i e s t e r a s e  a c t i v i t i e s  a r e  com parable  among d i f f e r e n t  t i s s u e s  from 
d i f f e r e n t  a n im a ls ,  w hereas  th e  a p p a re n t  K ^ 's  f o r  th e  h ig h  K^-enzyme a re  
100 f o ld  d i f f e r e n t  be tw een the  h i g h e s t  and lo w e s t  v a l u e s ,  c o r r e s p o n d in g  
to  human b lood  p l a t e l e t s  (179) and r a t  thymic lym phocytes (1 5 3 ) ,  
r e s p e c t i v e l y .
The two a c t i v i t i e s  co u ld  a l s o  be d i s t i n g u i s h e d  by t h e i r  
s p e c i f i c i t y  f o r  c y c l i c  AMP and c y c l i c  GMP (1 1 5 ,1 5 3 ,1 5 6 ) .  We have  t e s t e d  
th e  s u b s t r a t e  s p e c i f i c i t i e s  o f  o n ly  th e  one enzyme w i t h  th e  low a p p a re n t  
K^, b u t  found t h a t  g u a n in e  o r  guan o s in e  had e s s e n t i a l l y  no e f f e c t ,  
whereas  c y c l i c  GMP had a  s m a l l  to  m oderate i n h i b i t o r y  e f f e c t .  However, 
t h e r e  i s  no c o n s i s t e n t  r e l a t i o n s h i p  between th e  e x t e n t  o f  i n h i b i t i o n  and 
th e  c o n c e n t r a t i o n  o f  th e  i n h i b i t o r .
C oncern ing  th e  i n h i b i t i o n  o f  c y c l i c  AMP p h o s p h o d ie s t e r a s e  by 
guan ine  o r  g u a n o s in e  o b se rv ed  i n  c u l tu r e d  CLL ly m p h o cy te s ,  th e  m o le c u la r  
b a s i s  f o r  th e  r e s p o n s e  o f  th e  enzyme to  t h e s e  two i n h i b i t o r s  i s  n o t  known. 
S i m i l a r l y ,  i t  i s  n o t  c l e a r  w h e th e r  o r  n o t  th e  i n h i b i t i o n  by g u a n in e  o r  
gu a n o s in e  r e f l e c t s  some p h y s i o l o g i c a l  r e g u l a t o r y  c o n t r o l  o f  th e  enzyme.
The c y c l i c  AMP l e v e l  i n  human lym phocytes was found t o  b e  a round  2 
p ico m o les /1 0 ^  c e l l s  ( 4 7 ) .  The o f  th e  low K ^ -p h o s p h o d ie s te r a s e  f a l l s  
c l o s e r  to  th e  ran g e  o f  c y c l i c  AMP c o n c e n t r a t io n  p r e s e n t  i n  c e l l s  and
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TABIÆ 8
VALUES FOR PHOSPHODIESTERASE PREPARED FROM 
VARIOUS SOURCES(SUBSTRATE WAS CYCLIC AMP)
Source %m R efe ren ce
Bovine B ra in 1 .4  X  10-4M, 1 X  10-&M 141
Rat B ra in 1 .3  X  10"4m, 1 X 10-&M 131
P ig  Cerebrum 1 X  10“ 4m, 4 X  10“ % 180
Bovine H e a r t 25 X  1 0 " % , 0 .8  X  10“ % 156
NISI-67 1-2 X  10“ % ,  1 -1 .5  X  10“ % 181
HeLa-S3-67 0 .8 - 1 .7  X  I 0 " % ,  1 -1 .5  X  10“ % 181
LG-67 1 .5 -4  X  10“ % ,  1-2 X  10“ % 181
LB-67 1 -1 .5  X  10” % ,  1 -1 .5  X  10“ % 181
Rat Thymic 
Lymphocytes
8 X  1 0 " % ,  0 .9  X  10“ % 153
Human Blood 
P l a t e l e t s
7 X  10“ % ,  7 X  10“ % 179
Human Lymphocytes 
(norm al)
1  X  1 0 “ % ,  2  X  1 0 “ % T h is  Study
Human Lymphocytes 
(CLL)
2 .9  X  10“ % ,  1 .3  X  10“ % T h is  Study
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th u s  could p la y  a  r o l e  i n  th e  r e g u l a t i o n  o f  c y c l i c  AMP l e v e l s  i n  c e l l s .  
I t  i s  t h e r e f o r e  o f  i n t e r e s t  t h a t  b o th  norm al and CLL lym phocytes c o n ta in  
low-K^ p h o s p h o d ie s te r a s e  o f  s i m i l a r  k i n e t i c  c h a r a c t e r i s t i c s .  S ince  th e  
a p p a re n t  i s  about 4 o r d e r s  o f  m agnitude  h ig h e r  th an  th e  c y c l i c  AMP 
c o n c e n t r a t io n  o f  c e l l s ,  the  p h y s i o l o g i c a l  s i g n i f i c a n c e  o f  th e  high-K^^ 
p h o s p h o d ie s te r a s e  i s  u n c e r t a i n .  However, th e  a b s o lu t e  c o n c e n t r a t i o n  o f  
c y c l i c  AMP i n  v a r io u s  r e g io n s  o f  th e  c e l l  may be a p p r e c ia b ly  h ig h e r  th a n  
i s  i n d ic a te d  by th e  av e ra g e  v a lu e s  b e c au se  of a p o s s i b l e  c o m p a r tm e n ta l i -  
z a t i o n  o f  c y c l i c  AlIP i n  c e l l s .  No in fo r m a t io n  i s  a v a i l a b l e  r e g a r d in g  
t h i s  p o i n t .  Our f i n d i n g  t h a t  t h e  p h o s p h o d ie s te r a s e  a c t i v i t i e s  a r e  
d i s t r i b u t e d  m ain ly  i n  th e  s u p e r n a t a n t  f r a c t i o n  (1 ,000  x g ,  10 m in u tes )  
o f  the  c e l l  homogenate i s  i n  agreem ent w i th  r e p o r t s  o f  th e  two 
a c t i v i t i e s  in  v a r io u s  an im al t i s s u e s  (1 5 6 ,1 7 9 ,1 8 2 ) .
CHAPTER V
SUMMARY
Human p e r i p h e r a l  b lood  lym phocytes  o b ta in e d  from b o th  h e a l th y  
norm al donors  and p a t i e n t s  w i th  c h ro n ic  ly m p h o cy tic  leukem ia  (CLL) were 
m a in ta in e d  in  a c e l l  c u l t u r e  sy s te m . The e f f e c t s  o f  s e v e r a l  p u r in e s ,  
p y r im id in e s  and t h e i r  n u c l e o s i d e s  were s tu d i e d  i n  t h e s e  two lymphocytes 
in  o r d e r  to  e l u c i d a t e  p o s s i b l e  d i f f e r e n c e s  in  n u c l e i c  a c id  s y n th e s i s  
and i t s  r e g u l a t i o n .
C y t id in e  (10“ '^M) was found to  i n h i b i t  m arked ly  th e  r a t e  of 
u r id in e -^ H  I n c o r p o r a t io n  i n t o  RNA w i th o u t  a p p a r e n t l y  a f f e c t i n g  
th y m id in e -%  i n c o r p o r a t i o n  i n t o  DNA in  b o th  no rm al and CLL ly m phocy te s . 
T h is  s tu d y  p r e s e n te d  e v id e n c e  t h a t  th e  i n h i b i t o r y  e f f e c t  o f  c y t i d in e  
i s  a t  l e a s t  p a r t i a l l y  a t t r i b u t e d  t o  th e  c y t i d i n e  d e a m in a t io n  r e a c t i o n  
o c c u r r in g  in  b o th  norm al and CLL lym phocy tes .  The c o n v e rs io n  of 
c y t i d i n e  i n t o  u r i d i n e  by c y t i d i n e  deam inase  r e s u l t s  i n  th e  d i l u t i o n  o f  
th e  r a d i o a c t i v e  u r i d i n e  p o o l  and i n  th e  r e d u c t i o n  of u r id in e -^ H  
i n c o r p o r a t i o n  i n t o  RNA.
G uanine , g u a n o s in e  and c y c l i c  GMP, a t  a c o n c e n t r a t i o n  o f  10"%  
have no d i s c e r n i b l e  e f f e c t  on e i t h e r  RNA o r  DNA s y n t h e s i s  i n  normal 
lym phocytes . In  CLL ly m p h o c y te s ,  how ever, th e y  d e m o n s tra ted  marked 
i n h i b i t i o n  on b o th  u r i d i n e ~ %  and thym id ine-^H  i n c o r p o r a t i o n  i n t o  
RNA and DNA, r e s p e c t i v e l y .
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In  o r d e r  to  o b t a in  in f o r m a t io n  r e g a r d in g  th e  p o s s i b l e  
r o le  o f  c y c l i c  AlfP i n  th e  r e g u l a t i o n  o f  n u c l e i c  a c id  s y n t h e s i s  in  
lym phocytes , th e  a c t i v i t i e s  o f  c y c l i c  AMP p h o s p h o d ie s t e r a s e  were 
measured i n  b o th  no rm al and CLL lym phocy tes . The e f f e c t s  o f  g u a n in e ,  
g uanos ine  and c y c l i c  GMP on c y c l i c  AMP p h o s p h o d ie s t e r a s e  i n  b o th  c e l l s  
were a l s o  d e te rm in e d .  Our r e s u l t s  i n d i c a t e d  t h a t  th e  l e v e l  o f  c y c l i c  
Aî'IP p h o s p h o d ie s t e r a s e  as w e l l  as th e  i n h i b i t i o n  by g u a n in e ,  g u a n o s in e  
or c y c l i c  GMP were in  a  d e c re a s in g  o r d e r  o f  CLL lym phocytes  (h igh  WBC 
count)  > CLL lym phocytes (medium WBC c oun t)  > no rm al lym phocytes (low 
WBC c o u n t ) .
K ineL ic  s t u d i e s  o f  th e  p h o s p h o d ie s t e r a s e  o f  th e  c e l l  e x t r a c t s  
f u r t h e r  r e v e a le d  t h a t  b o th  lym phocytes p o s s e s s e d  two p h o s p h o d ie s t e r a s e  
a c t i v i t i e s .  For norm al lym phocy tes ,  one i s  1 x 1 0 " and th e  o t h e r  
i s  2 X 10~% . For CLL lym phocy tes ,  one i s  2 .9  x  and th e  o t h e r
i s  1 .3  X The s f o r  th e  low-I<^ p h o s p h o d ie s t e r a s e  a c t i v i t i e s
a re  com parable  betw een norm al lym phocytes and CLL ly m p h o c y te s ,  w hereas  
the  f o r  t h e  h igh -K ^  p h o s p h o d ie s t e r a s e  a c t i v i t i e s  i n  CLL lym phocytes  
i s  3 f o ld  g r e a t e r  th a n  t h a t  i n  norm al lym phocy tes .
The s u b s t r a t e  s p e c i f i c i t i e s  o f  th e  low-K^ p h o s p h o d ie s t e r a s e  
were a l s o  i n v e s t i g a t e d .  No s i g n i f i c a n t  i n h i b i t o r y  e f f e c t  by g u a n in e  o r  
g uanos ine  was found . C y c l ic  GMP e x e r t e d  a m o d era te  i n h i b i t o r y  e f f e c t ,  
b u t  t h e  e x t e n t  o f  i t s  i n h i b i t i o n  i s  n o t  p r o p o r t i o n a l  to  i t s  
c o n c e n t r a t i o n .
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